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THE TASKS OF THE ELECTRICAL 
ENGINEERING INDUSTRY 


N.I. BORISENKO 


(Received 14 November 1959) 


During the years of Soviet power the electrical engineering industry 
has grown into a many-sided branch of the national] economy, A reso- 
lution moved by the 21st congress of the Communist Party of the U.S.S.R. 
on the contro] figures for the development of the national economy in 
the years 1959-65 specifies the generation of 500-520,000, million kWh 
of electrical energy in 1965, the extensive development of complex 
mechanization and automation of production methods and the continuous 
electrification of the country, which determines the leading tempo of 
development of the electrical] engineering industry. Thus, for example, 
in 1965 the gross output of electrical engineering plant will] increase 
by almost three times in comparison with 1958, whereas gross engineer- 
ing production will only rise by 1.8 times over the same period. 


This increase of production is mainly due to the reconstruction of 
existing undertakings and their specialization. The complex mechani- 
zation and automation of the manufacture of electrical engineering 
products will be of substantial importance to the growth of operating 
efficiency and output. 


Mechani zation and automation of industrial processes in all branches 
of the national economy are demanded from the electrical engineering 
industry, apart from an increase in output and the expansion of all 
types of electrical engineering production, There is an urgent need to 
reduce considerably the time required to bring into production new 
kinds of products which can be manufactured on assembly lines. 


The technical level of the electrical engineering industry must be 
substantially raised. In the first place it is essential] to revise 
existing types and ranges of electrical engineering products, to 
ascertain their technical level] and conformity to modern requirements 
for automated electric drives and to plan their optimum diversity on 
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Tasks of the electrical engineering industry 


the basis of the requirement: neh national] economy. 
vodern engineering demand » manufacture of new kinds of electrical 
engineering products iconauct rectifiers, magnetic amp] i- 


steel tal 


engineering products 
and technical pro- 
jurability and 
reliability in j Technical paral wet be selected taking 
into consideratior e @ ni rf within the framework of the 
entire national Unte inatel; there 10 acknowledged 
unique method o! j iOmMmiC , yn therefore very 
necessary to discus his pr lem extensivel) it yive a single 
system of determinis an al native structure within the framework of 


the tota] national 


The design of electrical engineerin ducts mu » based on wide 1960 
unification and andardization of and c vents Only in this 
way will one be ] reate the mditions f the organiza 
tion of mass pr‘ extremely 
diverse requiremen< f modern automatic s in every branch 
of the national econ } t fully take advantage the known re- 
markable properties Cc energy. 


A good example of most complete unification and standardization is 
the range of automatic machine 25 to 600 A It consists of 
five basic standard siz -asings and has more than 16,000 uses 
according to the type and magnituce the current and the number of 


terminals, etc. 
The basic technical trends in the current seven years in the produc- 
tion of new modern equipment are given below for each class of equip- 


ment. 


Turbo- and hydro-generation construction 


It is essential] to bulid new ranges of turbo-alternators from the 


smal] to the very large one with the best cooling facilities for each 


series (air, hydrogen, liquic), with an efficiency factor and other 


technical parameters which are the most economical within the frame- 
work of the national economy. 


Performances must be accomplished with a reduction of the thickness 
of electrical insula id at the same time wit! increased dielectric 
strength and without using bitumin-mica insu] at ion, 


It is necessary ¢t se ionic excitation in cases, where it is econ- 


2 
fiers, MEM arc rectifiers, and s n. 
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omical ly justified. Turbo- and hydro-generators with a capacity of 


300-500MW have to be built being in particular, of suitable construc- 


tion to allow ther ) be installed and operated in the open air, 


Unification of the couplings of the steam turbines and generators is 


also essential. 


Electrical machine construction 
At present work is being carried out on the construction and intro- 
duction into industry of unit ranges of d.c. and ac. electric motors 
1] capacity and running speed ranges. 


and generators covering a 


Particular regard must be given to the development of specialized 
groups of electric motors submerged electrica] motors for the oi] 
industry, miniature motors for automat} ind domesti 
cutting and explosion-proof mtors for 
industries, direct current electric motors for contre]ling 


drives in various branches of the national] economy and so fort! 


The new unit ranges of electric motors are being based on new 


| 


of synthetic insulation, Winding conductor and slot insulatior 
nesses are being considerably reduced an he same time mech: 
and dielectric strength and reliability are being increased 
tion. Furthermore the dimensions and weight of machines are 


considerably reduced. 


Designers and technologists must extensively introduce plastics into 
the electrical industry, Units, such as commutators, terminal assem- 
blies, blowers, outlet boxes : orth can and must be manufactured 
from plastic materials, for instance, from an AG4 type of substance, 


It is necessary to introduce into production excitation systems for 
synchronous machines using semiconductor and magnetic amp 
automatic voltage control, 


In the current seven years plan, the lopment of completely 
enclosed electric motors with water-co¢ for the ancillary drives of 


power stations 1s imminent, 


It is also necessary to extend the range of electric motors, built 
for a voltage of 10kV, to the smaller capacity size, for example, up to 
600-700 kW, and to eliminate the use of two voltages, 10 and 6 kV, by 
some consumers. It is necessary to fix a minimum output limit accord- 
ing to economic expediency within the framework of the nat ional] economy, 
taking into account, of course, the reliability of such electric motors 
in operation. 
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4 Tasks of the electrical engineering industry 


the economic expediency of using a voltage of 600 V and 
of building suitable electrical] equipment for this voltage should be 


Furtherrore, 


considered. 


Transformer construction 


Electrica] industria] concerns must manufacture single ranges of 
transformers (oil and dry) using stee] with smal] electromagnetic 
losses, large magnetic permeability and an increased number of appli- 


cations on load tap-changing. 


The optimum efficiency of transformers must be determined according 
to economic conditions within the framework of the national] econony. 


Transformers must have facilities for cable terminations and must be 
standardized to fit into a complete transformer substation. Power 


transformers must be developed for a voltage of more than 500kV and for 
a capacity of 360 MVA and over. 


The nationa] economy will be acquiring from electrical] industrial 
factories packaged transiormer substations in a heavy unit-type form 
with capacities up to 30 VA and for voltages of up to 220 kV. 


The inclusion of a range of mobile transformer substations with a 
capacity of up to 320 kVA and a voltage of up to 10 kV has also been 
planned for mines. Suitable ranges of transformers, reactors and anode 
dividers must be developed and mastered for electrothermal equipment, 
electric locomotives, loca] electric trains, static converter sub- 
stations, etc. In the first place after the cable products it is 
essential] to introduce aluminium as a conductor materia] into trans- 


former construction, 


The problems of building unit ranges of high-voltage insulator lead- 
ins, detachable insulator lead-ins for a voltage of up to 35 kV, stan- 
dardized cooling apparatus, built into the oil of motor-pumps, etc., 
must be solved in connexion with the development of transformer con- 


struction, 


High voltage apparatus 


In accordance with the far-reaching electric transmission line con- 
struction programme and the programme of continuous electrification of 
the country it is essential to build unit ranges of high-voltage 


circuit-breakers. It is necessary to establish the field of application 


of bulk-oil, low oi] volume and air-blast circuit breakers, The wide 
applications of simplified circuits in high-voltage networks requires 
the construction of a series of load disconnecting switches, short- 
circuiting devices, high-speed isolators and other apparatus. New 


i 
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ranges of lightning arresters, reactors, fuses, instrument transformers 
and similar high-voltage apparatus have to be built, 


A large growth in the production of complete distributing equipment 
in large-scale unit-type form is planned, for which it is necessary to 
manufacture a series of high-voltage switchgear in unit form with plug- 
in contacts, At the same time reflection of the tendency to increase 
the voltage of distribution networks to 35kV must be found in the 
electrical engineering industry, 


It is also expedient to build a series of insulated high-voltage 


conductors of smal] dimensions, 


Static converters 


The tendency to use electronic, mechanical] and semi-conductor recti- 
fiers in place of rotating current and frequency converters has given 
rise to the necessity of developing transforming apparatus with mercury- 
arc or semiconductor valves and mechanical rectifiers. These recti- 
fiers are essential to ferrous and non-ferrous metallurgy and the 
chemical industry, electric traction and a number of other branches of 
the national economy. 


Electric traction and electrical equipment for 
steam and electric locomotives 


The task of the electrical engineering industry in this field is to 
construct main line a,c, electric locomotives with a capacity of up to 
4,200 and 5,600 kW, using semiconductor rectifiers, commercial ac, 

electric locomotives and electric locomotives with independent traction 
apparatus (diesel-generator or accumulator). 


It is also necessary to develop new electrical equipment for electric 
mining locomotives, main line locomotives of 3,000 h.p. capacity, 
shunting locomotives and multiple unit stock for local traffic using 
ac. with static semiconductor rectifier apparatus, 


Electrothermal and are welding equipment 
The expanding application of electrical] energy for thermal and weld- 

ing processes requires an extensive development of the diversity of 

electrical equipment for these purposes. 


Electrothermal processes are often incorporated in the normal tech- 
nological] pattern of any industry and are an indispensable part of it. 


It is essentia] to develop a range of electric furnaces taking the 
technology and location of their use into consideration, and with 
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mechanization and automation of all production methods. All the 
familiar electrothermal] methods (arc, resistance, induction, hig! 


frequency) will obtain very extensive application. 


Electric welding equipment will be supplemented by new forms of 
different sources of supply for welding processes, welding transformers, 


automatic and semi-automatic welding machines, welding apparatus for 


contact welding, etc. 


Furthermore, complete units with a specific degree of automation for 
welding operations on the automatic lines of any industrial process are 


being built. 


Electric drive and low-voltage apparatus 
In the current seven years it is planned to introduce, on a wide 
scale, heavy-duty low voltage equipment for distributing electrical 
energy to consumers. For this purpose ranges of varied forms of low- 
voltage apparatus must be developed into complete equipment suitable 
for easy installation, for instance by means of plug-in contacts. 


It is proposed to build ranges of apparatus in casings, which enable 
it to be assembled into complete low-voltage distributing equipment for 
the various consumers of the national] econony. 


The production of switching apparatus with increased disconnecting 
capacity, a great number of connexion and smal] dimensions is also 


planned, 


In the field of automatic electric drives the evolution of standard 
solutions for controlling and regulating industria] processes in every 
branch of the national economy is urgently needed on a new technical 
basis which rests on scientific and technical] achievements. 


Wide use of non-contact systems must be formed for the operation and 
control of electric drives using semiconductors, magnetic amplifiers 
and other apparatus. Radio electronics and computer techniques must 
become an integral part of electric drives. 


In modern electric drives the work of “transmitters’’, transducers, 
amplifiers, recording apparatus, servo-mechanisms and the final ‘‘power 
component” is so integrated that it represents a single entity. 


Consequently the development of standard solutions of electric drives 


using the minimum number of instruments and apparatus is very important 
and promises to have an immense impact on the national economy. 


Just as in the field of electric drives a great amount of work is 
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required in unifying and standardizing plans and ways of solving prob- 
lems of operation and control, since very many organisations are and 
will be concerned with these questions, 


The development of new ranges of low-voltage control apparatus is 
closely connected with the solution of the problems mentioned. It is 
essential that the existing diversity of apparatus (contractors, con- 
trollers, relays, etc), which is identical] as far as its use is con- 
cerned, is reduced to the maximum necessary quantity, which satisfies 
the modern technica] standard and trends of electric drive development. 
New ranges of magnetic amplifiers, semi-conductor triodes, miniature 
relays, isolating switches, contactors and so forth have to be built. 


Extensive use in low-voltage apparatus must be found for plastics, 
cermets, special] magnetic materials, insulating compounds for windings, 
and heat-resisting materials for arc-extinguishing chambers, 


Special attention should be paid to the capacity of the apparatus to 
sustain a great number of operations while it is in service, 


In a very short space of time electrical industrial factories need to 
organize the manufacture ofhigh capacity equipment and appropriate con- 
trol systems. A planned electric drive system must be produced in the 
form of a properly unitized arrangement (switchboard) or arrangement of 
blocks with a complete commutation system, so that at the point of in- 
stallation it is only necessary to connect to the blocks the conductors 
from the transmitters and signa] instruments and the power cables to 
the main electric motors. This would enable the commissioning of 
expensive items to be accelerated considerably and the national economy 
to be saved thousands of millions of rubles, 


Cable products 


The main problems of the cable industry are the use of aluminium and 
bimeta] (steel-aluminium, copper-aluminium) as conductor material, the 
use of ename] insulation for winding conductors instead of textiles; 
the introduction of protective cable sheathing made of aluminium and 
plastic instead of lead; conversion to plastic insulation of cable 
cores instead of paper-oil and partial rubber insulation and the con- 
struction of high voltage power cables easy to operate at a voltage of 


up to 500 kV. 


It is also necessary to guarantee the production of armoured cables 
for the coa] industry, and the construction of flexible cables with 


long service for excavators and other mechanisms, 


Furthermore, it is necessary to create continuous industrial proces- 
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ses in the cable industry using complex mechanization and automation 
and, in particular, continuous transport. 


Electric insulating materials and electro-porcelain 


As is well-known, electrical] insulation to a considerable degree 
determines progress in electrical machine and apparatus construction. 
The creation of a complexity of insulating materials and varnishes in a 
synthetic base, reducing the use of vegetable oils in varnishes and in 
insulation to a minimum and producing the essential] minimum diversity 
of insulating materials for the F class of insulation are the basic 
problems in the field of electric insulation. A rapid discontinuation 
of the use of micanite for the insulation of electrical] machines and 
the introduction of s-mica into industry are needed, It is essential 
to work on substitutes for mica, for example, to obtain insulation of 
the ‘‘escapon” type to the standard of the B and F classes. Extensive 
use of varnishes and enamels in epoxide, polybutadiene and polyucethane 1960 


bases must be produced. 


The seven year plan provides for the development of new heat- 
resistant polymers of a silicone organic type. Solutions must be found 
for the reliable and durable performance of insulation in electric an 
machines in conditions of thermal] shocks, vibrations and other forms of ee 


stress. 


The technology of electrical] machine impregnation and compounding 
must be improved, the length of processes shortened and the use of 
solvents reduced to a minimum, and at the same time, the quality and 
‘monolithicity” of coil sections must be increased, 


In the current seven years, operations are planned for reducing the 
thickness of body insulation and at the same time increasing mechanical 
and dielectric strength and thermal] conductivity. 


It is essentia] to produce improved laminated insulating materials 
and also to introduce into industry in large quantities grain orientated 
magnetic steel, which should be of great interest to electrica] machine 
designers, as it enables the efficiency and cos d of machines to be 
increased. 


The development and inception of heat-resistant coverings on a 
ceramic base for sheet steel] are also recuired to enable it to be 
annealed without damaging the insulation sheathing. 


The problems of electro-porcelain production lie in the development 
and introduction into industry of porcelain with increased stability 
and the creation of small-dimensional insulators on this base. 


Tasks of the electrical engineering industry 


Another task of the electrical] industry is to introduce stealite 
widely in electrical equipment construction. Planned measures must be 
be taken for the drastic extension of the use of glass in insulator 
production, 


Chemical sources of current and 
electro-carbon products 
The main problem in this field of the electrical engineering indus- 
try lies in the introduction into industry and the national economy of 
nickel-iron accumulators with an increased period of service and re- 
duced weight per unit capacity. 


The commutating capacity and quality of electric brushes are of 
immense significance for electrical machine construction, This most 
important problem has to be solved by the appropriate organizations. 
Furthermore it is planned to perform operations to obtain nearer 
absolute carbons with increased luminous flux for cine-projectors, 
There will be a great development in the use not only of metallo- 
ceramic switches and magnets but also metallo-ceramic construction 
components for products of the electrical industry. 


Problems in adjacent industries 


The chemica] industry must bring into the industry and produce in 
adequate quantities masticated rubbers, plastics, coatings, varnishes 
and enamels on bases of synthetic polymers. 


The wood and paper industry must tune up production of glass, 
asbestos and cellulose papers and pressed paper. The improvement of 
the quality of large-size electrical engineering unshrinkable pressed 
paper used in transformer construction 15 of special importance, 


Ferrous metallurgy must ensure production of electrical engineering 
stee] with a cubic texture, rolled stee] with an insulated heat- 


resistart covering, and stee] with specific losses amounting to about 
0.5 Wke with an induction (flux density) equal to 10,000 G. 


At the same time it is necessary to tool up production for a series 
of special magnetic sheet steels for use in magnetic amplifiers, chokes, 
instrument transformers and other instruments and machines, required 
for automatic electric drives, 


The enumerated basic, but far from complete technical trends and 
problems confronting the electrical engineering industry, require 
organised measures for their solution, Therefore, for purposes for 
accelerating utilization and introduction into industry of perfected 
jesigns of electrical] engineering products, it 1s planned primarily tc 


Tasks of the electrical engineering industry 


rely on the realization of experimental construction operations for the 
development of these products in the laboratory and design offices of 
the leading concerns (organizations) of the electrical] engineering 
industry. This measure wil] increase their responsibility for the 
introduction of new techniques and wil] be a stimulus towards the rapid 
growth of design offices, laboratories and experimental bases in 
factories. 


woreover the scientific research institutes, on which the co-ordina- 
tion of the experimental construction and scientific research operations 
in the various branches of production rests will be more intensively 

occupied with scientific research into the general problems which direct 


the development of engineering. 


Responsibility for the technica] development and the technical] level 
of the branches of the electrical engineering industry rests on the 
leading scientific research institutes. 


Scientific research institutes are founded and organized for purposes 
of relating scientific research to production needs in the largest 
factories of the electrical industry. 


Scientific technica] councils, whose membership includes represen- 
tatives of large factories and factory scientific research institutes, 
are being set up in the leading scientific research institutes. These 
councils wil] realize the co-ordination of the tasks involved in a new 
technique in a given branch of the electrical engineering industry. 


It is foreseen that the staff of design and technological depart- 
ments, laboratories and experimenta] sections in factories will increase 
by many times in order to solve the problems in the field of a new 
technique. The problem of the Councils of the National Economy and 
organizations of the electrical engineering industry, it to produce the 
material resources required by the government rapidly and relentlessly. 


The hitherto existing practice in which there are no laboratory or 
experimental bases in factories has led to the production of obsolete 
equipment and must no longer take place. 


For instance, the Ural electrical apparatus factory has been running 
for 30 years, but stil] has no laboratory, as a result of which the 
oi] disconnecting switches of this factory are heavy and have little 
disconnecting capacity. 


The Kharkov factory ‘®lekt rot iazhmash” (Electric traction machines) 
also has not was yet constructed a laboratory building and in consequence 
is slow to solve the problems of the new techniques of locomotive and 
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turbo-generator construction, 


The Novosibisk turbo-generator factory and a series of other factor- 
ies are in exactly the same position. The Ministry of Power Station 
Construction must take every available measure and by 1960 complete the 
building of a range of breaking capacities, which enables progress in 
high-voltage electrical] equipment to be accelerated and our power 
stations to be supplied with modern and reliable equipment, 


Coincident with the expansion of factory experimental] bases, the 
development of the leading scientific research institutes, as specified 
by the seven-year plan, must be realized. The accomplishment of this 
task rests on the State Committee of the Council] of Ministers of the 
U.S &R. for Automation and Engineering. 


Apart from the expansion of factory experimental and construction 
bases for the realization of the development of the electrical engin- 
eering industry it is essential] for every organization and Council of 
Nationa] Economy to reinforce preparatory production facilities in the 
factories, since, frequently, finished designs are not being introduced 
into industry because of lack of tools and technological equipment. 
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4 Only a considerable extension of the tool rooms in factories will 
; enable new types of products to be introduced quickly into industry. 


It seems to us that the expansion reserve of the tool room lies first, 
in increasing inter-changeability in too] rooms (up to two complete 
; changes) and, secondly, the extension of these workshops at the expense 
of areas vacated, once complex mechanization and automation and centra- 
. lized production of fastening components, plastic products, etc, are 
accomp 1 ished. 


; A great number of assembly lines and assembly machines have been 
selected by the Government for purposes of increasing rapidly the tech- 
nologica] level of industry and of improving operating efficiency, This 
* measure must be realized within the shortest time possible. 


The large reserves of the electrical engineering industry must be 
utilized by working on the unification and standardization of creative 
designs, The leading institutes plan to develop their standardization 
and nationalization departments in order to <nsure the maximum econonm- 
ically justifiable unification of new workable designs, The direction 
and co-ordination of work to establish optimum dimensional ranges 
(series) and types of electrical] engineering products is the respon- 
sibility of these departments, 


The responsibility for the co-ordination of the plans of all sections 
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of the electrical] engineering industry, their functional] contro] and 
organization rests with the State Committee of the Council of Vinisters 
of the U.S S.R. for Automation and Machine Construction, 

In order to fulfil] the tasks confronting the electrical] engineering 
industry, cohesion of every force and an iron discipline in accomp] ish- 


ing the approved plans is needed. 


One can rest assured, that the workers of the electrical engineering 
industry will honourable fulfil the tasks set them by the Party and the 


Government. 


Translated by J.F. Boyland 
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Ry optimum systems are meant nonlinear automatic control systems 
ensuring maximum rapidity in operation under the definite limitations 
placed on the co-ordinates of the controlled object. In recent years 
the theory of optimum systems has developed extensively. In the main 
works on this problem [1-3] the questions of the analysis and synthesis 
of expremely important classes of systems are posed and resolved, In 
[4] a method is presented for the design of the controlling part of 
optimum systems, the object of which can be presented as two integrating 
links and a link with pure delay. The ideas given in these works have 
been used for designing optimum control systems with d.c. motors, in 
particular, drive systems for the flying shears of a rolling mill. 


The main principles of the theory 


Let us examine the main principles of the theory of optimum transient 
processes in respect of the controlled object - a d.c, motor, In actual 
drives the values of the current and speed of the motor are usually 
limited, The limitation to the current of the motor is specified by 
commutation, and the limitation to the speed by the maximum voltage 
supplied to the armature of the motor, In order that the current and 
voltage of the motor should not exceed the admissible quantity, appro- 
priate feed-backs are usually introduced in the control system for the 
drive, which limit these quantities. 


In the majority of cases, apart from the limitations with respect 
to the current and voltage, there is also a limitation to the tempera- 
ture rise of the motor. The theory of systems intended for working 
through a path in the presence of a limitation on temperature rise has 
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been described in detail in [5 and 6}. For drives where the static 
load torque is smal] and adjustment of a misalignment in the path takes 
a relatively short time, there is no limitation to the temperature rise 
of the motor. In the present work this simpler, but practically 
important class of systems is examined in the case of only one limita- 


tion - namely with respect to the current of the motor. 


We will first consider the simplest case - a drive intended for 
working through a path with inertia-less contro] of the motor, e.g. 4a 
controlled mercury-arc rectifier/motor system (Fig.1,a). We assume 
that only one limitation is imposed on the system - a limitation to the 
motor current. Before adjustment and after adjustment of an misalign- 
ment in the path, the motor is stationary. 
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Fig. 1. Controlled mercury-arc rectifier/motor 
(a) and its basic circuit (b). 
T — transformer; WR - mercury-are rectifiers; 
¥ motor; motor field winding; Ch - 
choke coil; GR - grid control system; 
control action. 


ip 


The differentia] equations describing the movement of the drive when 
working through the given path in this system are written as follows: 
375 


dn 375 


ds n 


is the torque developed by the motor; 
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is the load torque; 

is the dynamic torque; 

is the speed of rotation of the motor; 

is the path completed by its shaft; 

is the flywheel moment of the drive with respect to the 
shaft of the motor, 


Since M = elf, where ry = const, and M. = 0, the drive can be 
presented in the form of two series-connected elements (Fig.1, 6). The 
input quantity of the first element is the current / and of the second 
the speed n of the motor. In the general case in the presence of a 
load, a quantity proportional to the acceleration A of the motor is 
passed to the input of the first integrating element, The motor adjusts 
some given misalignment in the path s, within a minimum time, if the 
average speed during the transient process is the maximum, For this it 
is necessary for the speed to vary with the maximum possible accelera- 
tion, which is limited by the admissible current Taas of the motor. As 
is shown in 1] , for systems described by second-order differential 
equations, the optimum transient process always consists of two inter- 
vals. In each of these intervals the motor current must be kept con- 
stant and equal to the maximum admissible value (positive or negative). 
Fig. 2 shows graphs of the variation of the current, acceleration, speed 
and adjustment path with - = const., and the steady-state speed n, of 
the motor, equal to zero. Similar graphs of the speed and other quan- 
tities can only be obtained in non)inear control systems. As can be 
seen from the graphs, in Fig.2 the acceleration time t, and braking time 


t, are not equal to one another, 
If we write 


tac A, 
A, 


b 


= K (3) 


then the acceleration or braking times (first and second intervals) can 
be calculated from the formulae 


t =k 


and 


Ab 


where So is the misalignment in the path which the optimum system must 
adjust. 
Depending on the sign of the misalignment in the path, the first 
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pulse of the control action must be given for acceleration of the motor 
in one direction or the other. This can be done with a simple logical 
system, After working t! rough the acceleration path 

A 


= (5) 


e 


the contro] unit of the optimum system must alter the sign of the con- 


tro] action. The motor will decelerate and when it has stopped the 


eontrol action must be switched off. 


~ t— 


fig. 2. Graphs of the variation of the 

current. acceleration, speed and dis- 

placement in the opt imur control systems 
where = const = 0. 


absence a los ,* 4. and therefore the acceleration 


leceleration ¢t “an be determined from the formulae 
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In this case switching of the contro] action must take place after 
working through the path s_/2 The over-all] times for the transient 


process for the cases ¥, = 0 and = const., are t, = t, + where 


P and ¢, are determined from equations (6) or (4) and (5). 


Thus, to obtain «xn optimum transient process, the control unit of 
the system must ensure variation of the sign of the control action at a 
iefinite moment of time in relation to the path value s,. In particu- 
lar, to determine the moment of switch-over it is possible to use a 
computer for determining the amount ol the misalignment path covered 
during the first interval of the transient process, 


Control of flying shears drive 


The flying shears must cut a strip of metal coming from the last 
stand of a continuous mill into pieces of a giver length, The required 
accuracy in the measured cut is achieved by synchronizing the speed of 
the shears and the speed of the strip, in such a way that, during the 
period between two meetings of the blades, a strip of metal of the 
specified length passes between the shears, The linear speed of the 
strip v, should here be close to the linear speed v, of the blades, 


Where this is not the case, the meta] may damage the blades or a poor 


cut may be obtained, The relations between the speed of the shears and 


the strip must be preserved when the rolling speed changes, This is 
ensured by the tachometric system (Fig.3) by comparison of the voltages 
of two tachogenerators, The tachogenerator 76S 1s on the shaft of one 
of the stands of the mil] and its voltage is proportional] to the speed 
of the metal strip, and the tachogenerator TGC is installed on the shaft 
of the shears. The difference between the voltages of the tachogenera- 
tors is amplified and controls the voltage of a mercury-arc rectifier 
or generator supplying the motor MWC o! the shears, As a result, the 
irums of the shears rotate continuously in synchronizm with the shaft 
of the stand, both during cuts and between them, The relation between 
the speeds of the mil] stand motor and the shears motor and, conse- 
quently, the length of the measured cut also l., are established by 
means of a potentiometer P (Fig.3 and 4). ‘he supply of the next 
billet into the rolling mill occurs at random moments and therefore, 
unless special 
Al will be any length from zero to the measured length = 


measures are taken, the length of the first cut piece 


The use of a new systen the front 


jesigned on the basis o! the theory of t imu “esses, will make it 
possible to obtain a first piece which is always of one and the same 


given length, regardless of the time of delivery of the billet from the 


mill. The contro] apparatus of the system carries out automatically 


the following operations rmines and memorizes the misalignment 
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between the position of t! 
rolled strip, trans 
em, which causes brak! 
nging 
r to the 
process 
blades 
em within the minimum period 
hogram, After the front end 
ance with the tachometric systes 


measured lengths. 


EA 


shears and the forward end of 
to the shears drive 
letermines the moment for 
acceleration of the 
the col action, 
enment between the position of 
is always carried out in the 
he triangular 
irive operates in accord- 
the shears cut the meta] into the 
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Pig. 3. Block diagrar 


In designing optimum c ro] 


following must be take! 


l. In steady-state mditior 


ac count 


optimum system with L\-0 control apparatus. 


systems for the flying shears drive, the 


speed of the motor for the shears 


is not zero, and therefore the misalignment adjustment path must be 


defined as | 


The load of the 


In the system th 


rator voltage 
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4. The flying shears drive can be designed both according to the 
controlled mercury-arc rectifier/motor system (CWR-¥), and according to 
the ¢ - ¥ system, where it is necessary to allow for the inertness of 
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the generator and the rotary amplifie 
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ETR 
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en 


Pig. 4. Block diagram of optimum system with LN-1 control apparatus. 


The first and second conditions are allowed for very simply. With 
no limitation of the generator voltage, the optimum contro] system for 
the flying shears can be designed in such a way that adjustment of the 


misalignment «, is achieved where 0U<s,< - by a reduction, and 


where “ < s,</, by an increase In the speed of the motor, however, 


where there is a limitation on the generator voltage, this is inexpe- 
dient, since the shears motor and the mercury-arc supply rectifier 
(generator) must be designed for a voltage 2-2.5 times greater than the 
voltage corresponding to the steady-state speed of the shears, With 
adjustment of a misalignment merely by means of a reduction in the 
speed of the motor simultaneously with a reduction in the output of the 
generator and the motor, the contro] unit is simplified since the first 
contro] action pulse is always for braking of the motor. In this case 
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the limitation on the generator voltage is of no importance since 
operation in accordance with the triangular speed graph is possible up 


to the final speed of n = - n,. 


Therefore, for the flying shears drive, in any misalignments it is 
expedient to carry out adiustment by reducing the speed of the motor. 


To ensure a rapid increase in the current of the motor in a& - ¥# 


system with a rotary wplifier (Fig.3 and 4), the latter is embraced by 


is possible to achieve a 


a rigid voltage feedback. Ii this case it 
current increase time of 0. 15-0.2 Sec and in practice the G - ™ system 
can be presented in the same way as the CWR - HM system - in the form of 


two integrating elements. Good filling of the current diagram in the 


circuits is obtained by means of a negative feedback for the motor 
current. During adjustment of the misalignment s,, the circuit of the 
winding FA., of the rotary amplifier, connected to the difference be- 
tween the voltages of the tachogenerators, is broken, and action of the 
is transmitted from the contro] apparatus to the wind- 


appropriate sign 
ing EA,. 
Block diagrams of optimum systems 


In the Institute of Automation and Remote Control of the Academy of 
Sciences of the U.S.S.R., two circuits have been developed for the 
systems ensuring adjustment o! the misalignment in accordance with an 
optimum law, The first ol them with an LN-O© device, which has a com- 
puting section based on an integrator and a quadrator, and the second 
with an LN-{ contro] apparatus, where the quadrator 15 replaced by 
another integrator. 


The block diagram of the systen with the LN-O contro] device is 


shown in Fig.3. The position of the blades of the shears and the mis- 
alignment in the path between the blades and the forward end of the 


strip is determined in the system at the moment when the photo-electric 


relay FR lights up. For this purpose, a voltage taken from the poten- 
tiometer P to which the tachogenerator TGS is connected is passed to 
the integrator Il. This voltage 1s proportional to the speed of the 
strip and with a high an lification factor in the tachometric circuit 
it corresponds to the speed of the blades. The capacitor C of the 
integrator J! is periodically short-circuited by the path switch PSs 
each time the blades of the flying shears meet. If the measured cut is 
the shears drum, the path switch will close 


made at each revolution ol 
in a time ¢*. Then, at the output of the integrator JI the saw-tooth 
voltage shown in Fig.5e by the ct ntinuous lines is obtained, If the 

cut is made with a system of omissions, ©.6. every fourth revolution of 


the drum, the maximum voltage at the integrator input will be 4 times 
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greater, since the path switch will short-circuit the capacitor for 
intervals equal to 4t*. The corresponding curve is shown in Fig.5,a by 
the dotted line. 


A 
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b) 


Fig. 5. Voltage at the output of the memory in- 
tegrator 
a) with different numbers of revolutions of the 
drum per cut; 
b) with different values of the quantity 


If the operator alters the measured length bas the voltage taken 
from the potentiometer P and passed to the input of the integrator I! 
alters. Hereupon the speed of the shears motor changes and also the 
time between cuts t*. If the speed of the shears motor decreases 


m- 
2==— >|), then the time ¢* increases and vice-versa, AS a 


\ / 

result of a simultaneous variation in the slope of the straight-line 
voltage curve at the input of the integrator U,, = f(t) and in the time 
t* at different values of a the quantity U;, corresponding to one 
revolution of the drum remains constant, Thus, the voltage at the 
input of the integrator I! always characterizes the position of the 
blades at a given moment of time, 
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is achieved in the system in 


Determination of the misalignment s, 
Fig.3 in the following way. After the photo-electric relay FF lights 
up, the electronic time relay ETR operates and opens its normally-closed 
contacts in the circuits of the integrator I!. ereupon the input of 
the integrator I! is disconnected and at the capacitor C of the inte- 
grator a definite voltage U;, is stored, The time lag of the relay FTP 
is chosen so that, when the forward end is cut off at the given length 
Al, a voltage equa] to zero is stored at the integrator. This case 
corresponds to the absence of a misalignment in the system. Then, with 
any misalignments, a voltage will be stored at the integrator propor- 
tional to the path which must be covered (Fig. 56). The length of the 
forward end J! can be regulated by varying the time lag of the relay 
ETR. 


In the circuit in Fig. 3, simultaneously with the memorizing of the 
misalignment, the winding FA, of the rotary amplifier RA is discon- 
nected from the tachometric circuit, and a contro] action pulse is 
passed to the winding EA, causing braking of the motor, To determine 
the moment of alteration of the sign of the contro] action, the mis- 
alignmegt path covered by the shears motor during braking is evaluated. 
For this, the voltage difference between the tachogenerators TCS and 
TGC is passed to the input of the quadrator K. In the case of a con- 
stant acceleration, the path covered by the motor is proportional to 
the quantity (a, - n)*, Therefore it is possible to determine the 
moment when the contro] action sign changes if the voltages taken from 
the integrator J! and the quadrator A are selected in such a way that 
when the path s_/2 is covered, U, = U;). At this moment of time the 
difference between the voltages passed to the input of the electronic 
switch FS changes sign and the latter changes over the control action. 
At this the motor will begin to accelerate, When the former steady- 
state speed No is reached, the contro] action is switched off by means 
of the electronic zero-relay AZ, and the winding £A, of the FA is again 
connected to the tachometric circuit. - 


As quadrator in the LN-O apparatus we used thyrites with a non- 
linear characteristic. With compensation of the variation in the 
characteristics of the thyrite in relation to the temperature by means 
of thermistors, we obtained a squaring accuracy of about 0.5 per cent. 


The circuit with a quadrator examined above has an essential dis- 
advantage. With a non-stabilized contro] action source (control vol- 
tage passed to the winding of the RA) the currents and acceleration of 
the motor may vary. The system in Fig,3 carries out switching-over of 
the contro] action as a function of the voltage proportional] to (n, - 
_n)2, Therefore, with identical values of s, but different accel era- 
tions, the switching processes will take place at the same motor speed, 
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As a result, the path actually covered wil] be smaller when acceleration 
is increased, and greater when it is reduced than the given path $5: 
Thus, an error develops in the system when the acceleration is varied, 
This defect is eliminated in the system with the LN-1 apparatus. 


The block diagram of the optimum system with the LN-! device is 
given in Fig.4. The apparatus carries out the same functions as the 
« LN-O apparatus, The integrator Jl, in the same way as in the LN-O 
ey system, serves to determine the size of the misalignment in the path, 
When the time relay £7TR operates, after the photo-electric relay FP 
lights up, at the integrator II a voltage U;, is stored which is pro- 
portional to the misalignment which must be adjusted, At the same time 
a pulse is passed into the system, causing braking of the motor, The 
integrator 1? serves to determine the moment for the contro] action to 
change sign, It has the same circuit as the integrator I1 and is con- 
nected to the difference between the voltages taken from the tacho- 
160 generators TGS and TGC. The capacitor of the integrator I? is normally 
short-circuited by the contacts of the relay £TR and is disconnected 
when the pulse is transmitted for braking of the motor, The voltage at 
the integrator output wil] be proportiona] to the quantity 


—n)dt. 


{ 


at any acceleration of the motor, 


Therefore, the use of the integrator J? in place of the quadrator k 
increases the accuracy of adjustment. The time constant of the inte- 
grator [2 is half that of the integrator J1, and therefore the output 
voltage U;o of the integrator [2 becomes equa] to the voltage U;; at 
the moment when the drive has worked through half the misalignment 
angle in the braking period. 


When the quantities U,, and U;» are equal, the difference between 
these voltages which is passed to the input of the relay £S will be 
zero, The relay ES operates and changes the sign of the control 
action, Where n = no» the zero relay RZ switches off the action and the 


necessary misalignment wil] be adjusted. 


In the presence of a constant load, the change-over of the control 
action must take place after working through the braking path s, = 


=T5 This can be achieved if a corresponding change is made in the 
amplification factor of the integrator /2. In the system with the LN-O 
control element, the influence of the load can be allowed for if a 


voltage divider is installed between the tacho-generator TCS and the 
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input of the quadrator A. 


Experimental investigation of 
optimum control systems 


experimental investigation of! the optimum systems was carried 


on the ‘tinuous electronic modelling installation 


and on a 


out 
physica] mode] of flyin; shears. 

On the electronic modelling installation we investigated a flying 
¥ system with a rotary amplifier. 


apparatus with a quadrator based on 


irive syster 
ontrol apparati 
thyrite. In the ignored the time constant of the 
time constants of the 


wplifier. 
The differential equations writte! for the closed electric drive 
jeviations of quantities take the form: 


system in iat 


f, of the longitudinal circuit and the 
nt magnetizing force of the AA; 
generator 


speeu 


time constant of the transverse circuit of the 


time constant of the generator excitation 


electro-mechanical constant of the motor; 
lification factors 


follows that in the 
nd current 


i the path covered by the shaft of the 
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Prom the block diagrams in Pig.3 and 4 it Po 
regulation systems ¢ re are feedbacks for th of the 
motor. On the modelling installation we set up a drive circuit corres 
ponding to these block diagrams, In order, on the mode) (Fig. 6), % 
separate directly the quantity proporti nal w the current of the tor, 
we ea al it nal iifferential equation 
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To mode] the drive we used seven decision amplifiers PA-1 to DA-7, 
one of which was necessary merely for changing the sign, In the inves- 
tigation we selected circuit parameters corresponding to the drive of 
100-ton planetary flying shears. For this circuit Tras = 0.15 sec, 

T, = 2.8 sec, = 0,335 sec, ky = 1, ky = 3.38, ky = 105, &, = 1, 
ke = 2.12, ke = 0.625. 


In the system with current and speed feedbacks, the expression for 
the resultant magnetizing force of the rotary amplifier can be written 
in the following way: 


(12) 


The amount of the speed and current feedback was controlled by 
variation of the coefficients k, and k,. by varying the resistances fy, 
Ro and R, at the input of the decision amplifier DA-1!. 


— 


Fig. 6. Block diagram of the model of the optimum control system 
for the flying shears drive with an actual control apparatus. 


The investigations carried out on the electronic modelling instal- 
lation showed that where Ts < 0.1 sec, the transient processes are 
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ding to the speed of the strip of 5.3 m/sec, ensured a mean cutting 
accuracy of 1 per cent of the maximum measured length of 12 m, Oscil- 
lograms recorded on the physica] mode] are similar to the oscillograms 
on Fig.7. In all] misalignments the transient processes took place in 


accordance with the optimum law, 


Translated by D.R.H. Phillips 
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TRANSIENT PROCESSES IN AUTOMATIC STEP 
CHRONOMETRIC CONTROL OF ELECTRIC 
ROLLING STOCK* 


B.P. PETROV Cand. tech. sci., docent. 


Moscow Power Institute 


(Received 1 September 1959) 


In addition to control as 4 function of current (with acceleration 
relay), use is in many cases made of contro] as a function of time 
(chronometric control), now employed universally in smooth (cont inuous) 
electric control] device installations, in order to automate step 
(intermittent) starting and braking o! electric rolling stock traction 
motors. 

The contro] parameter (the starting or braking resistance r, the 
voltage of the rectifier installation U etc.) is varied in jumps in 
these systems by means of group switches in given time intervals Bt by 


A 


a finite, usually constant quantity (Ar, OU...) 


In chronometric control systems not jependent on current, the time 
interval At remains constant, but in chronometric systems dependent on 


current At increases as the motor current I rises. Systems of the 
second type are the most promising and are being more and more widely 


used, 


With some approximation, step chronometric systems in the steady- 
state and transient conditions may be regarded as equivalent to con- 
tinuous control systems in which the rate of change of the control 
parameter, for example the resistance r, is equal to: 


dr 
dt (1) 


Therefore the methods used to investigate continuous contro] systems 


[1) are applicable for a preliminary evaluation of the properties of 
step chronometric contro] systems, 
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A complete evaluation of the properties of chronometric step systems 
is given only by an investigation which allows for the intermittent 
alteration of the circuit parameters, Possible methods for such an 
investigation are set forth below. In this connexion, chronometric 
contro] systems of two basic types are examined - with and without 
fixation of the group switch positions. 


The system without position fixation (with continuous rotation of 
the armature shaft) is used during fairly large accelerations and re- 
tardations of the train, during which the minimum possible shaft rota- 
tion speed of the group switching device with contacts of the usual 
type and the corresponding making and breaking speed of the contacts 
are such that risk of interference with the arc quenching does not 
arise. A very simple arrangement of a current-dependent, chronometric, 
starting system of this type, which contains, however, all the main 
elements of the regulator, is presented in Fig. 1 (2). 


In contrast to continuous control] circuits, a rectifier PF is provi- 
ded in addition to preclude automatic reversal] of the servomotor SM 
during excessive current peaks, Approximate curves of the time altera- 
tion of motor current J, angular velocity of rotation w of the S¥ 
shaft and its angular displacement a after successive making of the 
contacts are presented in Fig. 1(6). The curves w(t) and a(t) are 
presented for two cases, The continuous curves relate to the case 
where S¥ stops and the dotted curves to the case where SH does not stop. 


The calculation consists of the successive determination of the 
shape of these curves for each successive starting position so as to 
establish the nature of the starting or braking diagrams v(I) or v(F). 
From the shape of these diagrams it is not difficult to give an evalu- 
ation of the properties of the control system. 


To calculate the curve I(t) after an intermittent change in r or l 
the equations for e.m f,s and voltages in the traction motor circuit 
and the equation of motion of the train are used. 


For rheostatic or non-rheostatic starting 


dv 
m—-—= ma = F 
where U is the supply voltage; 
L and r are the inductance and resistance of the entire 
traction motor circuit; 


fede 
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a, » and » are the mass, resistance to motion and velocity of 
the train 
Co» 1,@ and F are constants,: the current, magnetic flux and 
tractic force of the motor. 


Cy. 


Pig. 1. Arrangement of current-dependent 
chronometric starting without position 
fixation (a) and curves of transient pro- 
cesses peculiar to it (6). 
K-— group switch contacts; Gq - angle of 
rotation of shaft of servomotor S in the 
limits between the making of adjacent con- 
tacts A. 


@ (1) and L(I) occur in equations (2) and (3) and also products of 
the variables depending on current and time + @andI@M. The solution 
is simplified if we adopt a number of usual] assumptions. Firstly, 
linearize the magnetization curve @ (J) in the calculation intervals 
Al, i.e. take 


o— k/ (4) 


Secondly, the inductance L and the accleration a in each calculation 
interval] may be considered constant and equal to their mean values, 
Then equations (2) and (3) will be reduced to one equation: 


+c, at)(®, +-k/), (5) 
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where v% is the velocity of the train at the commencement of the 
calculation interval. 


Equations (2) and (3) take no account of eddy currents in the motor 
magnetic circuit as starting and also rheostatic braking (after self- 
excitation has been achieved) usually occur during current oscillations 
within the range of values where the magnetic circuit of the motor is 
saturated, and therefore the effect of eddy currents is insignificant. 


In cases where the effect of eddy currents is substantial, for 
example, in the initial phase of rheostatic braking (before self-exci- 
tation has been achieved), approximate methods may be used to calculate 
the curve I(t) (for example, [2]), taking the speed as constant for 
each mathematical interval and equal to its mean value (within the 
limits of the interval). 


Solution of equation (5) in a general] form is impossible as a 
probability integral occurs in it. For its numerical solution, a 
table of probability integrals should be used, or a graphical-analytical 
method, that of Bashkirov [3] for example. 


In the latter case, equation (5) may be written in the form: 


r(t) (1), 


dt 


l 


T(t) 
\ r+ (Ug + al) 


U —c,(v, + at) ®, 


r+ €,R -+ at) 


Equation (6) may be solved, using the formula 


Al f (¢ + At/2) —/ (t) (7) 


at T(t + At/2) + At 
The corresponding initial conditions are introduced during the con- 
struct ion, 


For illustration, curves of I(t) for a number of cases of starting 
and braking are presented in Fig.2. It follows from Fig.2 that smooth- 
ing of current peaks occurs more intensively the greater the accelera- 
tion or retardation and the equivalent time constant of the motor 
circuit 
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1960 
Fig. 2. Curves of motor current change 


after a step change of controlling para- 
meter. 
second step of rheostatic starting; 
~ last step of rheostatic starting: 
? . second step of non-rheostatic start- 
ing: 4 - last step of non-rheostatic 
braking. 


and at a = 2 a/sec*; at 


a=- ] m/sec”. 


The degree of current peak smoothing may be conveniently judged by 
comparing curves {, 2, 3 and 4 with curves 1°, 2°, 3° and 4 constructed 
for similar conditions but with L = 0. 


The initia] values for the latter are the same as in the case of 
starting and braking with L #0, but during acceleration (retardation), 
near to zero, 


The results obtained agree with the data presented in [4] and [5]. 


For the calculation of the curves of w(t) and a(t) on Fig.1 (6), 
equations are used which were constructed to apply to the arrangement in 
Fig.1 (fe) for the circuit of the motor SW: 


vy with the group switc! 
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and the equation of motion of SM with the group switch 


dw 
J =M M. Mg, (10) 
where J and “. are the moments of inertia and of resistance for the 
shaft of SM. 


Due to the constructional features of group cam switches, the 
moments J and ¥. usually alter as the shaft rotates, Therefore the 
calculation should be made for angular intervals Loa within the 
limits of which J and ¥. are taken as constant and equal to their mean 
values, 


The function I(t) in equation (9) is given for the system of the 
motor S¥ according to equation (5). 


Therefore it is possible to linearize it in intervals of time Art, 
i.e. take 


(t)=J, +-k,f. (11) 


No difficulties are then encountered in the analytical solution of 
equations (9) and (10). 


On solving, the shape of the w (t) curve is determined, and then 
that of the a (t) curve, Successive switching in the circuit occurs 
after the rotation of the shaft through an angle a 0° Later the calcu- 
lation is repeated for new initia] conditions determined by the ter- 
minal values of the variables in the preceding interval and correspon- 
dingly of the step-changed values of r or U. 


Chronometric contro] with position fixation of the group switch is 
stationary until the expiry of the given time-lag, after which it 
switches rapidly from one position to another, changing the controlling 
parameter. 


These systems are usually used at very smal] accelerations and re- 
tardations of the train, for example when starting (braking) electric 
locomotives with very heavy rolling stock. The time-lag t, is effected 
by a time relay. Fig.3 (a) presents a very simple arrangement for a 
current-dependent, chronometric start with electric motor time relays, 
whereby stable time-lags of various magnitudes are obtained, 


The relay motor TRY is connected similarly to SW in Fig. 1 («). The 
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rotation of the armatures of TRY and SW in the interval between the 
closures of the contacts. 


The sequence of construction of the curves I(t), w(t), 


the same as for the curves /](t), @m (t) and a(t) in Fig.1 (6) 


Construction of the curve of a (t) for S¥ is done allowing for the 


change in J and - as the shaft of S¥ rotates, 


In many cases of chronometric contro] there is no necessity to carry 


out such cumbersome calculations, as the shape of some transient pro- 


cesses is quite obvious, 


Fig. 4. Curves for determining the moment 

of switching of the group switch from one 

position to another when accelerationis low 

and the control] system has a current-depen- 
dent characteristic. 


For example, at the very smal] accelerations inherent in 
ing of heavy trains the current peaks from one position tc 
completely determined by the intercepts of the abscissae between the 
characteristics v(/I) (initial and successive) at constant velocity. 
With further change in velocity, the change in current proceeds in 
accordance with these characteristics. Therefore the construction of 
the starting diagrams v(F) is considerably simplified, especially for 
current-independent, chronometric systems, and also for current- 
dependent control systems with little inertia, when the change in the 
speed of rotation of the motor Sm (or of the time relay TRM) proceeds 
fairly exactly in accordance with the static curve (I) of the control 


system, 


In this case, at the start of the calculation curves of w(F) and w 


35 
(t) 
a 
wa 
wr) 
j 
160 
| 
j 
r 
‘ 
d 


36 Automatic step chronometric control 


(F) are constructed on the basis of the curves of w(I), w (I) and F(I) 
(Fig.4). Then the following curves are constructed for the original 
characteristic v(F): motion of the train v(t), w(F), w(t) and a(t)= 
= |\wdt. Ifa O is the angle of rotation of SW in the interval between 
the closures of the contacts (in the arrangement in Fig.1 (a) ), then 
the point 4 determines the instant of time ty when the next contact of 
the group switch wil] be closed and the transition to the next w/F) 
characteristic accomplished, (point 


The curves w/(F) and w/t) also relate to the relay TRW in the 
arrangement in Fig.3 (ec). Here the switching time of the group switch 
t. should be added to ¢ Then switching to the next position wil] 


y 1° 
occur at point 4. 


- 


Fig. 5. More precise method for determin- 

ing the moment of transition from one po- 

sition to another during current- independent 
chronometric control. 


The graphical] methods familiar from the theory of tractive calcula- 
tions are adequate for the construction of the curve of motion w(t). 
It is simpler to use analytical] methods of calculation when the charac- 
teristics v(F) are linearized [6). 


The equation for each section of the tractive characteristic lineari- 
zation is 


The curve of resistance to motion w/e) also may be linearized: 


w= Rv. (13) 


Substituting (12) and (13) in the equation of motion and integrating 
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it, we obtain: 


where for Fo and 9 values are taken corresponding to the beginning of 
the mathematical interval om the selected tractive 
characteristic F/(v); 
Z\v is the velocity increment in the mathemtical inter- 
val, 


In the case where the contro] system is a chronometric one, not 
dependent on current, i.e. the position time-lag t, is invariable, the 
velocity increment Jv from its original value Th is determined direct- 
ly from equation (14) at the moment of transition from the preceeding 
characteristic for which the calculation is being made (for example, 4 
on Fig.5) to another one, 5. However, in such a calculation a diffi- 
culty arises in connexion with the determination of coefficients k, and 
k, as it is not known in advance what part of the characteristics wv/(F) 
and v(w) should be linearized, 


This difficulty is avoided by means of a simple supplementary con- 
struction, 


From the starting point 0, strainght lines 0-1, 0-2, 0-3 are drawn 
(Fig.5), which intersect the curve v(F - w) at the points 6, c and d 
respectively. The velocity increments corresponding to the latter 
points are and Av,>- According to the angular coef- 
ficients k + ky of the straight lines 0-1, 0-2 and 0-2 the velocity 
increments Avy, Av,» and Av, are determined from equation (14) and 
the curves A v,(k, + kz) (curve 6) and \wv, (ky + k,) (curve 7) are 


constructed, 


r 


Their point of intersection a determines the desired value of JA »v 
and the corresponding value of k, + k,. A similar calculation is repea- 
ted for each of the tractive characteristics, 


Using the methods discussed for example, starting diagrams were cal- 
culated for an NO rectifier electric locomotive with current-independent 
(Fig. 6) and current-dependent (Fig. 7) control systems, 


The calculation shows that with a step control system independent of 
current, as with continuous control, the mean starting current rises 
essentially as the increase in resistance to motion (intercepts 2? and 3, 


Fig. 6). 
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Fig. 6. Calculated starting diagramof MO electric 
locomotive with current-independent chronometric 
control. 

{ - electric locomotive by itself on the flat 
(time of switching to one position At 20.9 sec; 

. electric locomotive with 3000 tonsof rolling 
stock on the flat: 3 -— MO electric locomotive 
with 3000 tons of rolling stock ona 1 in 250 
gradient. For the last two cases the time of 

switching to one position At #9 sec. 


On the other hand, if current-dependent, chronometric contro] is used 
with a characteristic of the form of curve ? in Fig.7, the starting 
current remains almost constant at various resistances to motion (inter- 
cepts 1 and ?, Fig.7). This is of great significance in the case of a 
start at the coupling limit, Moreover, there is a substantial decrease 
in the time for the current to increase from its initia] value, corres- 
ponding to the first position, to the mean starting (or braking) current, 
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Pig. 7. Calculated starting diagrams for MO 
electric locomotive with current-dependent chro- 
nometric control. 

1 - electric locomotive with 3000 tons of rolling 
stock on the flat; 9 . electric locomotive with 
3000 tons of rolling stock on a 1 in 250 gradient 
(in both starts the time-lag at positions At ~ 

9 sec): 2 - control system characteristic. 


All these characteristic relationships, presented in Fig. 6 and 7, 
are confirmed by the results of testing the chronometric control systems 


of NO and N60 electric locomotives, 


Translated by R.D.M. Hegarty 
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Despite a great variety of methods developed for testing ruptur- 


“apacity of circuit breakers un ‘is ions hey all 
a common characteristic property; 
lits a circuit of the current t 


recovery voltage. 


In these installations the current circ is separated from tl 
recovery voltage circuit by an air eg I ¢ here discharger or t 


resistance of jousand ohms, 
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High voltage circuit breakers 


a considerable number of preliminary tests with the breaking of currents 


of limiting values to obtain the necessary synchronizat ion of the 


current circuit with the circuit of the recovery vol tage. 


A 


cT 
«<i 
)Ps Sy 
vD 
Pig. 1. Diagram of the network of the testing instal- 
lation. 
CT — current transformer; TV - voltage transformer 
VD voltage divider; Shy. Sho, Shy shunts: 


C ~ capacitance controlling the frequency of the re- 


covery voltage; Ll - coefficient of self-inductance of 


the power supply circuit. 


Since synchronization occurs when the current is approaching its zero 
it should be carried out with great accuracy, and for this pur- 


value, 
Because of the conditions 


pose specia] synchronizing circuits are used, 
of equivalence to rea] tests, in an artificial 
tage is applied at the moment when the current to be broken is equal to 
zero, the time lag should not exceed 10s sec, moreover, there should be 
at least one test with time lag not greater than 1-2 sec. 


system, in which a vol- 


In a two-frequency network the variation of the derivative of current 
with respect to time in the circuit breaker on test at the moment of the 
arc quenching in the auxiliary circuit breaker should not exceed + 20 per 
cent, 

These difficulties are considerably increased in tests with appara- 


tus with a time of arcing of 0.03-0.04 sec,, since the preliminary tests 


prematurely wear out the circuit breaker on test. 


In the new method of testing the rupturing capacity of high voltage 
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circuit breakers under artificial] conditions, the source of energy of 
the recovery voltage circuit is built up from the sources of energy ot! 


the current circuits (i). 

Consequently, all sources of energy in the network contribute in 
building up both the total] short-circuit current and the total recovery 
volt age. 


The formation of the recovery voltage circuit occurs automat 


roaches its zero value, therefore there is no nee 


when the current ar 
> 


Dp 
for synchronizing these two circuits, For testing circuit breakers by 


this method the existing installation which is designed for direct tests 


may be used, 


Fig. 1 shows a diagram of the network for testing the installation 


discussed, 


Description of the operation of the installation 


Before the beginning of a test and circuit breaker to be tested 37 
id the auxiliary breaker BV are closed and the switching apparatus SA 
is open, Then the power supply PS, which may be a shock generator or a 
power system (grid), are connected by means of the switching apparatus 
with the testing transformers T, and To. In this case the primary 
windings of transformers are connected in series and the secondary in 


consists of the 


paralle] thus forming two current circuits, One circuit 
the 


secondary winding of the transformer Ty. the breaker on test AT and 
auxiliary breaker &V,. The second circuit includes the secondary win- 
dine of the transformer T., the auxiliary breaker BV, and the breaker 


on test AT. 

Instead of two transformers we may use one transformer with a secon- 
dary tapped winding. In this case an equa] number of sections of the 
transformer secondary winding is connected in each current circuit. 

The current of the secondary winding of the transformer T; flows in 
the auxiliary breaker AV. and in the auxiliary breaker AV there flows 
the current of the secondary winding of the transformer T,. 


A current equa] to the sum of the transformer currents Ty and T., 
flows in the breaker on test, 


After that, the breaker on test and the auxiliary breaker are switch- 
ed off. Have the arc in the auxiliary breaker should be quenched at 
the end of the current half-period, during which it should have been 
quenched by the breaker on test, If the auxiliary breaker has already 
quenched the arc, but in the breaker on test, conditions for quenching 
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io not yet exist, and there is a sufficient conductivity) 
urrent will flow through the breaker, and this current 
sustaining the conductivity of the ar I Ir he se 
artificia] increase of the time of arclr in the auxilia 
foreseen, and this also increases the duration ol the f] 
urrent in the breaker on test. 

Synchronous operatiol the auxiliary breakers 1S e! 
fact that the currents flowing throug! the auxiliary bre 
tically in phase. Moreover, if in one of the auxiliary) 
arc is extl! ished rlier than in the thers, then or 
voltage builds up exceeding its rated value. In the cas 

onnexion of the primary transiormer Ww ings, the volt 

the is so re stribut¢ t pract! ally the total] volt 
supp ly wil he i¢ s tral former, il the 
winding is open (by the auxiliary breaker). onse quent ] 
rated voltage will be r vered t bre er, al thi 
in repeated arc igniti 

In this way the autosyncrhonization of operatit f 1 
circuit breakers takes piace. 

i= 
| 
CT | BT 
rt- TV 
~ Ps I 
i 
i 
Pig. Diagram of the network charac- 
terizing the process of the voltage 
recovery on the contacts of the circuit 
breaker on test. 

The ability of the network to synchronize ensures the 
yuenching Of arcs 1 suuxiliary circuit breakers, ana 
greater is the factor Ul power increase, the greater 


‘onsidered 
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of auxiliary breakers and the better becomes the autosynchronization. 


The auxiliary circuit breakers are all of the same construction, A 
special] device in the auxiliary breakers permits a simultaneous opening 


of their contacts The moment of opening of contacts in the circuit 
breaker on st an n the auxiliary breakers is fixed before the 
experiment wit >» Jimitin hor ircuit current, and this prevents 
the premature wear of the breaker tests i, 


Current and voltage graphs characterising opera- 
tion of the network. 
i., i, - currents in the auxiliary breakers; i. - current 


1 2 
in the breaker on test; t,— current in the connecting 


4 
resistance; /, - voltage drop across the arc inthe break- 


er on test; U;. U. ~ voltages of the secondary windings 


of transformers 7 To; wu - recovery voltage on the con- 


tacts of the mel ah on test. a — the breaker on test 
successfully cut off the short-circuit; 6 - the breaker m@m 
test did not cut the short-circuit current; ¢ - the breaker 
on test cut off the current earlierthan did the auxiliary 
breakers/signal for disconnecting the auxiliary breakers 


was delayed. 


After the extinction of the electric arc on the contacts of the 
auxiliary breakers and of that on test, a vé Itage is recovered equa] to 
the sum of the voltages of the two secondary windings of the transformer 
(Fig. 2), whereas in the ordinary test inst allation on the breaker on 
test a voltage would be recovered equal only to the voltage of one 


transformer, 


In this way during th of the arc quenching the circuit 
breaker tested is subjecte +he total short circuit current and the 


total recovery voltage. 
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Hence, the power of a short circuit broken by the circuit breaker 
tested is over twice the basic power of the power supply. 


If in the breaker on test, restriking of the arc were to occur 
(failure to trip the short-circuit current) then a current would flow 
through it, whose magnitude is determined mainly by the magnitude of ‘ 
the connecting resistance R. This current is broken at the first tran- 
sition through zero of the breaker on test. 


Fig. 3 shows curves characterizing the operation of the network, 


A network for a three-fold or fourfold increase in the short circuit 


power to be cut-off is assembled in a way similar to that shown in 
Fig. 1, where a network for a twofold increase of the short-circuit 
power to be cut-off is represented; in the former cases three or four 


urrent circuits are needed respectively. 


The equivalence of the network to 
the direct tests 
To determine the equivalence of the network to direct tests it is 
necessary first to consider the operation of a network in testing an * 


ideal circuit-breaker, i.e. such a breaker in which the resistance of 


the arc gap would be equal] to zero during the time of arcing and equal 
to infinity after the extinction of the arc. Such an investigation is 
necessary for evaluation of the influence of the differences in the i 


parameters of the transformers 7 and T.,. ' 
1 2 


The shape of the current flowing through the breaker on the auxiliary . 
breakers had zero values simultaneously, i.e. when the currents of the 


secondary windings of the transformers ry and 7, were in phase, 


As is known [2] the current of the primary transformer winding com 
pensating the demagnetizing action of! the short circuited secondary 
winding. The magnetizing current of the test transformers of the in- 
stallation discussed is only 6 A (for a short-circuit current in the 
primary winding equa! to 50,000 A), and this is explained by the smal] 
value of the voltage drop in the primary winding. We may therefore 
safely assume that the current ol the transformer secondary winding is 


shifted in phase by 180° with respect to the primary current. 


Since the primary windings of the transformers are series connected, 
then the angle of the phase shift between the secondary currents of the 
transformers T, end 7, is equa] to the difference in the angles of the 
phase shifts of the secon lary currents of the transformers with respect 


to the primary current. 
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Consequently, we may assume that the secondary currents of the 
transformers are in phase. 


We may tolerate certain difference in values of >, and in the 
transformation ratios since this only affects the omit of the 
recovery voltage, but not the angle shift of the currents. however, it 
‘is better to use, whenever possible, transformers with equal parameters. 


In the case of direct tests, the resultant current of the real BT is 
characterized by the following equations: 


m » 
SIM wi, j (1) 


where U, - the amplitude of the applied voltage; 
L - coefficient of self-inductance; 


t, - duration of arcing in the last half-period before quenching 
U,- voltage drop across the arc, 


In our case the current in question is given by the formula: 


Um\ Ugi + Up 
(ore) sin wt, 
Un 


R 


where Vay Uno - voltage amplitudes of the secondary windings of the 
transformers and T,,; 


Usy Usg ~ voltage drop across the arcs of the auxiliary breakers, 
R ~ ohmic resistance of the connexion; 
Ly L, - coefficients of self-inductance of the network with 


respect of the transformers T, and T,. 


Since the auxiliary breakers used are al] of the same type with the 
same rated voltage, several times smaller than the rated voltage of the 
circuit breaker on test, then 


=U, y= kU 


Ug) 
where <1. 
Us 


In the network considered lL; = L2 = L and 
U =0,5U 


joreover, we can neglect the last term of the expression (2) since 
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be equal 


where 
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107 Hence 
mtr a 
sin of 
‘ A i A’ P 
(3) 
It is seen from equality that the rate of change of chen 
the value of the rrent is near t ero, will be somewhat Hmm in 
our case than for direct tests, and this makes the conditions of the 
test ff re 
We choose the ohmic resistance in such a way as to ensure both the 
val us t the rrent necessary t sustain the ar ifter its restriking 
in the breaker! n test @ fficient rate f increase of the current 
immediately after the discharge in the arc gaj . 
reover, it 18 hect iry to bear in mind that in direct tests the 
current varies sinusoidally, and in our us it varies according to the re 
fol] wing law 
3 
| 
To Oscillatory character the recovery voltage the 
following conditions id be fulfllied 
f 
The average rate of change f the recovery voltage, on the mmm ; 
of the breaker tested, during the ha) f-period of the nat ral fo 
in the installation discussed, is determined by the formula 
' 
= | 
Zaj U | pesec 
ev 
| 
where a - the factor of increase of the amplitude of the Po 
tage 
, V > frequency of the recovery voltage. 
To obtain the desired value of the factor a, the value of fF should 
to 
D ley 
The resistance will probably affect the magnituad f the residual 
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current only to a small] degree, since its magnitude is of the order of 
a few tens of ohms. 


Illustration of the operation of the 
new testing network 


The operation of the new network was verified by testing various 
types of high-voltage switchgear. Examples of certain tests are given 


below. 


Test of a tubuler aischarger type RTV-35. A shock generator type 
TI-75 with a rated voltage of 10 kV was used as the power supply. Four 
sections of the secondary winding of a step-up transformer were used as 
the source of energy for the current and recovery voltage circuits. A 
rated voltage of each section of the secondary winding was 35 kV. The 
rated voltage of the primary winding was 7 kV. In every current cir- 
cuit there were two parallel] connected sections of the secondary winding 
of the transformer, Two tubular dischargers type RTV-35 were used as 
auxiliary breakers. 


The breaker on test tripped the short-circuit power of 240 VA for a 
recovery voltage of line frequency equal to 30 kV. In this case the 
power of the short-circuit of the power supply (generator) was 120 WVA 
at a voltage of 3 kV. 


In this way a doubling of the short-circuit power of the power supply 
was achieved. Fig. 4 shows the oscillograms of this experiment. 


Fig. 4. Oscillogram of the breaking of the current by a 
discharger RTV-35 
1 - recovery voltage; 2 -— the derivative of the current 
in the discharger in test. 


Test of an oil-tank circuit breaker type MKP-35. A shock generator 
type TI-75 and two step-up transformers were connected to the testing 
network; the parameters of the individual components differed from one 
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secondary winding of the transformer was 


another only slightly. The 
Two poles of an air breaker type VVN-35 


connected in each circuit. 
were used as auxiliary breakers. 


Oscillogram of the recovery voltage for the break- 
ing of the current by a breaker “KP-35. 
1960 


Opening of contacts 


atm 


Pig. 6. Oscillogram of an experiment of the breaking of the 


current by a breaker V'K-110. 


1 -— current to be broken; ? - current through the connect ing 
resistance: 2? — derivative of this current to be broken; 
4 - recovering voltage; 5 — pressure in the body of the 


breaker. 


The breaker on test type MKP-35 switched off a short circuit power 
of 200 MVA, for a recovery voltage of line frequency of 25 kV (Fig. 5). 
The short-circuit power of the power supply was 100 MVA, for a recovery 
voltage of line frequency equal] to 5 kV, 
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A smal] VMK-110 oi] breaker was tested in the same kind of network, 
29.5 MVA for a recovery voltage of 


it cut off a short-circuit power of 822. 
line frequency equal to 47 kV (Fig.6). The power of the short-circuit 


of the power supply was 411.25 MVA for a recovery voltage of 9.4 kV, 


The oscillograms given in Figs.4 to 6 show that the new method of 
testing satisfies the conditions required for artificial methods of 
testing and confirm the equivalence of this method to direct tests, 


Conclusion 


The method of testing devised makes it possible to increase several 
times the power of the short-circuit which can be tripped by the test 
it permits the testing of high voltage switchgear of 


instal] lation; 
it 


different types with the necessary equivalence to direct tests; 
also makes an increase possible in the number of tests since there is 
no need to perform a considerable number of preliminary tests with 


limiting currents. 


Voreover, with the method discussed for testing high-voltage switch- 
gear, use is made of the same equipment as devices for direct tests, and 


no additional equipment is needed. 


Translated by 8S, Szymanski 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 1, 1960 


The supply system of the synchrephasotron electro-magnet at 
the consolidated nuclear research institute: M.A. Gashev, 
E.G. Korrar, N.A. Monoszon, F.M. Spevakova and A.M. Stolov. 
(pp 6-10) 


The synchrophasotron in question claims to be the largest existing 
accelerator of charged particles, Protors are accelerated to 10 
million eV, The supply system for the magnet is intended to create a 
periodically varying magnetic field with a repeat frequency of 5/min, 
Cha: acteristics of the supply system: maximum output 140 VW, maximum 
current 12,8kA, maximum voltage 11kV, reserve energy in the magnetic 
field of the magnet 148 x 10° J, losses in magnet winding 4 WW, A des- 
cription is given of the power circuits, 


Some problems of the dynamics of automated induction motor 
drives: V.A. Shubenko. (pp 10-10) 


The results are given of certain investigations made by the author into 
the effect of electromagnetic transient phenomena caused by commutation 
in the stator on the dynamics and reliability of modern automated asyn- 
chronous drives within intensified operating conditions, Starting, 
reversing and braking conditions are considered, 


Equations for a.c. machines using physical quantities, and 
in per unit form: N.I. Aliab’ev. (pp 18-26) 


Owing to inconsistency in the use of different systems of physica] and 
relative wits in mathematical] calculations, the author introduces the 
results of the elaboration of 10 systems of units, and analysis and 
compares them in order to discover the best systems and make it easier 
to understand and compare the work of different authors using different 
systems, Use is made of relationships and equations true for ‘ideal’ 
electrical] machines on groups of machines, Synchronous machines with a 
large number of rotor circuits are a special case, 
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On obtaining high voltages across small converter transfor- 
mers: P.V, Tanofeev and In.A. Simchenks. (pp 38-42) 


Light is thrown on the design and construction of transformers for 
obtaining impulses of high transient voltages. A general study is made 
of the problem of obtaining high transient voltage pulses in the trans- 
former with linear and non-linear core magnetization curves, in the 
presence of powerful magnetic connexion, Attention is paid to the 
conditions for optimum tuning of the transformer, the maximum secondary 
voltage and the effect of non-linearing in the core magnetization curve, 
The use of transformers with a powerful magnetic connexion and a closed 
steel core with low magnetic resistance is advocated, 


On using semi-conductor Rectifiers in Electrified urban 
transport; I.S. Efrenov, N.Q. Zagainov and S.S. Tikhomirov. 
(pp 47-51) 


To increase the output of tram and trolley-bus substations decentralize 
the power supply, introduce automatic contro] into the substations, 
reduce eddy and parasitic currents and improve traction networks, the 
author’s consider a changeover of Urban transport to a.c, and the 
installation of silicon rectifiers directly on the vehicles and advocate 
the use of the 100 A and 300 V silicon rectifiers now in production in 
the U.S.S.R. 


160 


Asynchronous torque components of a synchronous machine, 
with compensation of the field circuit resistance: 


B.K. Karpenko. (pp 51-55) 


A mathematical study is made of one of the methods of increasing the 
asynchronous torque of synchronous machines created by the excitation 
winding. It is claimed that compensation of the resistance of the 
excitation circuit can produce asynchronous torques created by the 
excitation winding equal to (1.2 to 1.5) ‘ye 


The achievement of P. S. Zhdanov in the field of power system 
stability. V.A. Venikov. (pp 56-58) 


The late P.S Zhdanov, former professor at the Moscow Power Institute, 
was a specialist in static and dynamic stability, but his interests ran 
much wider, he was for instance consultant to the Moscow-Volga hydro- 

electric power station project, The article is in memory of his death 


10 years ago. 
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Generating undamaged high-frequency oscillations by means of 
controlled electronic discharge gaps: AD. Artyn and 
A.V. Donskoi. (pp 59-63) 


A study is made of the principle underlying the production of fading 
oscillations in discharge schemes using ionic controlled valves (dis- 
chargers), the de-ionization time of which is considerably longer than 
the period of the oscillations to be generated. The character of 

fading high frequency oscillations in certain cases, for instance in 
induction heating, makes it possible to use them as well as non- fading 
oscillations. Generator schemes are considered together with the optimum 
relationships of their parameters ensuring maximum output for a given 
current impulse and a discharge of given electrical] strength. 


Fundamental laws on the impulse strength of the insulation 
in air-filled switching apparatus: M.I. Syscov. (pp 63-68) 


The article supplements previously published work of the transformer 
laboratory of the Lenin All-Union Electrical] Engineering Institute on 
the use of compressed air as insulation for switchgear. The test gear 
was filled with air from an industrial-type compressor as used at sub- 
stations with air-blast circuit breakers. A standard pulse wave of 
1.5/40 4 sec, was used, The distribution of the probable values of 
the impulse puncture voltages are plotted and discussed in considerable 
detail. 


Designing full-wave rectifier schemes: L.A. Sinitskii. (pp 
60-72) 


The author suggests a way of designing a circuit with several recti- 
fiers by similar equations to those used for designing a circuit with 
one rectifier. An example is given of a two half-period rectifier of 
single phase current (bridge scheme and a scheme with a neutral] conduc- 
tor). 


On pulling synchronous generators into step: M.G. Portnoi. 
(pp 73-78) 


A method is proposed for calculating the conditions for the restoration 
of synchronism and determining the duration of asynchronous operation, 
An example is given of a turbo-generator feeding power into a system of 
infinite power. Conditions for the resynchronization of one and two 
generators are considered separately. Two appendices dea] with the 
method involved and the comparison of experimental and theoretical 
findings, 
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Some ways of improving the characteristics of reactors with 
d.c. magnetizations: 1.8. Pinchuk and F.A. Zykin. (pp 78- 
80) 


The results are given of experimental investigation of the effect of 
certain factors on the shape of the characteristics of reactors with 
d.c, magnetization and consequently on the constructional dimensions 
and the power of d.,c. sources and reactors with magnetization such as 
can be used to contro] the speed of induction motors. Certain propor- 
tions in the article also apply to the construction of magnetic ampli- 
fiers and reactors for a different purpose, 


A composite a.c. auto-compensator: [..Ja. Miziuk and 
V.1I. Gol’ dgefter. (pp 80-85) 


60 In view of the difficulty of measuring sma]] alternating voltages 
against a background of intensive interference, a method is proposed of 
introducing a negative feedback into the selective device to stabilize 
the parameter and reduce errors in measurement. For this purpose the 
negative feedback is fed through synchro-phase filter which works on 
the double conversion of the frequency spectrum, The auto compensator, 
tested with different resonance and quasi-resonance amplifiers (with 
T-shaped KC-filters), has considerable advantages as regards stability 
for selective devices of the metering type. 


Taking oscillograms with voltage dividers connected in an 
fl-cirecuit: A.M. Ryvkin. (pp 86-88) 


A study is made of the effect of the loss on distortion, the character 
of distortion, the possibility of using dissimilar dividers and the 
participation of a divider is several] h-shaped schemes at the same 


time, 


Automatic voltage regulation using the electrostatic capaci- 
tance of the p.n. junction as the non-linear element of the 


measuring device: L.S. Bermon (pp. 88-89) 


The electrostatic (barrier) capacitance of the p-n junction has a 
number of advantages over variable condensers which make it suitable as 
a non-linear element in metering devices for automatic contro] purposes, 
especially for low direct voltages of several V or a fraction of I V., 
A description is given of a scheme for voltage regulation using a p-n 
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junction with a stabilization factor of 120. Temperature compensat ion 


is however necessary. 
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A DIGITAL PROGRAMME CONTROL SYSTEM FOR A 
LARGE LATHE* 


SHAPIRO, ©&.M. GROSSMAN, IU.A. RAISOV and 
IU.V. TIKHVINSKII 


Kharkov 
(Received 20 July 1959) 


omponents of comparatively complex shape requiring a great deal of 
machining time and labour are often machined on large general-purpose 


and special] lathes, 


The use of programme contro] on lathes makes it possible to achieve a 
considerable increase in output, When introducing programme control 
systems for heavy lathes, a number of difficulties have to be overcome 
in connexion with the large amount of information required for machining 
large workpieces which can be disturbed if for example the cutter wears 
out. 


A study is made below of a digital programme control system designed 
for heavy lathes** with centres about 500 mm high and a distance of up 
to 4000 mm between them. Components weighing up to 10 tons with conm- 
plex curvilinear surfaces can be machined on the lathe, Components can 
be machined to an accuracy of up to 0.1 mm, The machine table is driven 
by a 40 kW induction motor viaa multistage gearbox, several] electro- 
magnetic couplings being provided for changing gear. The total range 
of contro] over the machine’s speed is 1:50 with a control] ‘‘leap’’ not 
exceeding = 1.35. 


The machine has one saddle driven by two variable motors: one effects 
longitudinal feed and the other transverse feed, (there is no kinematic 
link between the saddle and gear box). feed should be regulated elec- 
trically within the limit: of 5 to 200 mm/min. 


FKlektrichestvo, No.2, 9-12, 1960. 


°* The system was developed jointly by the TsKB for electric drives and auto- 
matics KhEwZ and the automatics laboratory of the KhPI. 
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Provision is also made on the machine for three auxiliary motors 
intended for ‘‘setting up’’ adjustment of the saddle and rear man ire] and 


rotating the oil] pump. 


A digital system of programme contro] was adopted for the machine 
using ‘executive step-by-step” motors and interval] recording of the 


programme on magnetic tape. The choice of this system of programme 


contro] (SPC) was based am the following points: 


1. The comparatively low degree of accuracy required for machining 
wand the smal] feed (up to 200 mm/min) enables 


components on the machin¢ 
use to be made of powerful step by step motors® for the feed of the 


saddle, which considerably simplifies the system of programme contro] 
(feedback circuits etc are excluded). 

2. The use of intermediate recording of the machine operating pro- 
gramme on magnetic 
effected by relatively simple and reliable means, In 


tape enables the contro] system of the sa idle to be 
this case, the 

device for recording the programme on magnetic tape (DRM) (comparatively 
complex and expensive), can serve severa] similar programme-contro]] ed 


machines, 

3. The use of the selected SPC makes it possible to machine compo- 
nents on the lathe in any of three operating conditions: (a) programme 
contro] of the lathe, (b) electro-copying and (c) manual] control, Here 
the same elements of electrical] equipment can generally be used for 
the machine. 


The machine’s electrical drive system 


Fig.1. shows the block-scheme and Fig. 2 the main circuit of the basic 
Use is made of the selector S to adjust 


electrica] drives of the lathe. 
the lathe (Fig. 2) to any of the operating conditions stated above. 


If the machine is controlled in accordance with a pre-determined 
programme, the programme 1s recorded on magnetic tape, The work pro- 
gramme of the motor for the longtitudinal feed of the saddle is applied 
on one track. The work programme of the motor for the transverse feed 
of the saddle is recorded on the second and third tracks, (a separate 
track is provided for each direction of rotation of this motor). The 
work programme for the main motor aid gear box, the signa] that the 
machining of the component is finished and auxiliary commands (commands 


to the operator for manual] change of the tools, inspection measurement 


* The prototypes of the step-by-step motors were made by KhEMZ from the techni- 
cal documentation of the Electrical Engineering Institute of the Academy of 


Science, U.S.S.R. 
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of the workpiece and so forth) are recorded on the fourth track. After 
toolsetting (to be carried out in the ‘‘set up” condition) the latter 
can be started by pressing the button “‘start’’ in order to operate in 
accordance with the predetermined programme. In this case, the signals 
to be counted with the magnetic heads 1¢"-3GW which move the tape, are 
fed to the input to the appropriate amplifiers 1A-3A and contro] the 
step by step motors 1SS¥ and 2SS¥ by means of thyratron units 17V and 
°TV. The count of each step by the motors for the saddle, correspon- 
ding to one impulse of the magnetic tape, equals 0.02 mm Fig.3 shows 
a step-by-step motor in disassembled form, Its weight is about 23 kg. 


Magnetic tape 


Fig.1. Block-scheme of machine drive 


The signals to be counted by head 4G¥ on the fourth track of the 
magnetic tape enter the automatic control block of apparatus ACB, The 
latter comprises a seven-discharge tube binary electronic counter 
(1£C-7EC), Kipp relay T, intermediate relays connected to individual 
tubes of the counter and certain additional elements, Depending on the 
number of pulses arriving at the input to the counter with the fourth 
track, some of the tubes of the counter and the relays connected to 
them operate, The closure of relays 1fCc-4RC, which are fed from the 
first four trigger tubes of the counter, produces the appropriate change 
in the gear box GR, which brings about definite speeds of the machine 


spindle. 


The process of machining large workpieces on the lathe under inves- 
long period of time, one traverse of 
the cutter sometimes taking 2 to 3 hr. Therefore the work programme 
recorded on the tape usually has to include a certain number of inter 
mediate stops for the saddle at pre-determined positions for each 
traverse of the cutter (the cutter being taken off the workpiece), At 
these positions the operator should verify the state of the cutter and 


tigation can take a comparatively 
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if necessary change it or inspect the workpiece for size. When program- 
ming the operation of the machine, the appropriate instructions are 
applied to the fourth track of the magnetic tape in the form of a defi- 
nite number of pulses. During the process of machining the component 
they are counted by the head 4G and fed to the input of the contro] 
unit counter causing relays 1RB to 3AB to operate. The latter, acting 
on the sound signa] apparatus and light table, give a definite command 
to the operator of the machine automatically. By pressing the button 
‘Remove Signal” the operator removes the command previously given from 
the counter and table and starts the machine again for automatic opera 
tion according to the given programme. Here the control unit is pre- 
pared to accept the next auxiliary command to be included in the lathe 
work programme. However, unforeseen failures may arise on the machine, 
for example, breakage of the cutter. To eliminate such failures, 
provision is made for bringing the machine slowly to a halt by pressing 
the button “Stop” The lathe saddle is then set up in the nearest 
previously passed position provided by the programme for intermediate 
stoppage. In this position the operator sets up the magnetic tape. 
Special marks are provided for this, After performing the stated 
operations, the lathe can then be started again by pressing the appro- 
priate control button. 


In order to set up the saddle accurately, necessary for initial 
synchronization of its position with the programme recorded on the tape, 
two fixed inductive metering heads are provided on it: one on the 
slides of the saddle and the other on its carriage. Two cylindrical 
steel metering scales are mounted along the saddle guides and those of 
its upper carriage (i.e., across the lathe). Two cylindrical projec- 
tions on the longitudinal scale. By means of the metering heads it is 
possible to set up the saddle strictly in accordance with the vertical 
axis of the projections made on the scales. For this the operator 
changes the contro] system into the ‘‘Set up’ state after an unforeseen 
stoppage of the machine. Then, pressing the control button for the 
step by step motors, the saddle is set up in a definite position cor- 
responding to the previously applied mark on the magnetic tape. 


In addition, provision is made on the machine for an additional 
(test) device which makes for simpler starting after being stopped by 
the “Stop”? button, his device has been omitted from Fig. 2. It 


connects a special magnetic recording-counting head, When the ‘‘Stop” 
button is pressed an electrical pulse is supplied to the stated head at 
the same time as the switching takes place to stop the electric drives 
of the lathe. This pulse applies a special synchronizing magnetic mark 
(command stop) on the fifth track of the magnetic tape. Before the 
machine is started again the magnetic tape is wound 50 to 100 mm in the 
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reverse direction (relative to the working direction). 


The lathe is then re-started by pressing the button ‘Start’’. But 
the saddle feed only begins when the previously applied ‘‘command stop’’ 
on the tape engages the counting head on the fifth track of the tape. 
Synchronization of the saddle feed is thus synchronized with the work 
programme, 


Fig. 3. ESh-1 type step-by-step power motor. 


The described device makes it possible for example to effect repeat 
traverses of the cutter quite simply for machining different parts of 
the workpiece in accordance with the same programme, 


With manual] contro] of the machine starting and stopping, reversing 


and changing the speed of the step-by-step motors for the saddle and 
the main motor of the lathe is carried out by a set of apparatus con- 
ventionally referred to as the manual] contro] block (MCB) in Fig.1. 
The step-by-step motors are controlled by buttons ‘forward’ ‘ Back’’ 
‘‘Right’’ and ‘Left *. The contacts of the appropriate relays open 
the cells 1¢ and 2C through which the pulses from the generators Cli 
and G1Y pass to the units I17V and 2TV which supply the step-by-step 
motors. The speeds of the latter are regulated the regulators ASX and 
RSY which adjust the tuning of the generators (the frequency of the 


pulse sequence). 


The main motor is started and stopped by the buttons in the coil 


circuit of the relay RO, whilst its speed is regulated by the regulator 


RSS. The range of speed regulation for the motors LSSM, 2SSW¥ and ¢ are 


the same for manua] contro] as for programme control. 


As there is no mechanica] connexion between the spindle mechanisms 


and the saddle feed, the latter is regulated independently of the speed 
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of the spindle (minute feed). The presence of manual electrical regu- 
lation for the speed of the step-by-step motors makes it possible to 
regulate the amount of feed smoothly during the process of turning and 
impart the necessary direction of travel to the cutter. 


In electro-copying conditions, use is made entirely of the elements 
of electrical equipment provided on the lathe for manual control. The 
step-by-step motors are controlled in the case in question by a three- 
position contact feeler (CF) which moves along the mode] together with 
the saddle, no use being made of buttons. 


The closure of any contact of the feeler opens the valve ‘“‘cell” 2 
which starts the motor 2SS for transverse feed. The direction of 
rotation of the motor is determined by the state of the trigger ‘‘cell” 
8TC, controlled by the same feeler. If both contacts of the feeler are 
open the motor 2SS¥ is tripped and motor 1SSW is switched on by poten- 
tial trigger PT and begins to move the saddle along the copying rule 
(to left or right). The electronic units are semiconductor elements 
for increased reliability and to save space, All the control gear for 
the lathe motors is installed at the control ‘ost’? and desk, which are 
relatively smal] in size. 


Experimental verification of the system 


The mode] of the device for recording on the magnetic tape (DRM) and 
also the model of the electric drive for the lathe with programme 
contro] were experimentally verified in laboratory conditions. 


The mode] of the DRY comprised: (a) a counting device for which use 
was made of a K45-type controller with a slightly modified contro] 
scheme: (b) an electronic code converter. 


During the tests punched cards were introduced into the counting 
device with a programme recorded on then which corresponded to the most 
strained operating conditions for all the units in the code converter. 


During the test a count was made of the number of pulses given by 
the prw for recording on the magnetic tape and this was compared wit! 
the number of pulses recorded on the punched card, The tests showed 
that the DRY was quite capable of working and sufficiently reliable. 


The mode] of the electric drive for the machine was verified by the 
accuracy with which it reproduced the prescribed programme in order to 
elicit the quality of its performance and the decision capacity of the 
step-by-step motors. The tests on the mode] in the most arduous con- 
ditions showed that it works satisfactorily. The test on the step-by- 
step motors showed that they can operate at a frequency of 0 to 150 c/s 
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with a static load of about 0.5 kg/m and an additional] flywhee] torque 
equa] to about 30 ke em* without loss of pulses. Here a sharp variation 
in the frequency of the sequence of pulses is permissible from 0 to 

150 c/s, which corresponds to a variation in the amount of feed for the 
lathe saddle of roughtly 0 to 180 mm/min. 


I, 


b) 


I, 


c) 


Pig. 4. Oscillograms of ESh-1 type step-by-step motor per- 
formance. 

a load torque on motor shaft = 0.5 kg/m, pulse frequency 

f = 150 (n @ 83 rev/min) 6-M, = 0.5 kg/m, f = 100 (nw 55 

rev/min); « - ", = 0.65 kg/m, f = 100 (nw 55 rev min); 


d = 0.65 ke/a, f = 5 (n as 2.8 rev/min) 


Fig.4 shows oscillograms of the performance of an ESh-1 type step 
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by-step motor at various pulse frequencies. 


Conclusion. The calculations and experimenta] verification of the 
above contro] system has shown the expediency of its application to a 
heavy lathe. It is however as yet impossible to give a complete evalu- 
ation of the system This requires a trial period of industrial opera- 
tion lasting several] months, 


The cost of the lathe in question with programme contro] should be 
about 120% of the cost of an anlogous heavy lathe with conventional] 
(manual) control. 


An operator can tend several] such machines operating with either 


programme or electro-copying control. 


The attachment for recording the programme on the magnetic tape can 
serve several programme-controlled machines and if there is a computer 
centre there is generally no need of a DRM. 


Translated by O.M. Blunn 
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SELF-ALIGNING SYSTEM FOR AUTOMATIC CONTROL 
OF WELDING CONDITIONS ON ELECTRICAL TUBE 
WELDING MACHINES* 
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Institute of Automatics and Telemechanics, 
Academy of Science U.S.S.R. ) 


(Received 14 July 1959) 


The majority of automatic contro] systems for production processes 
at present in use have to maintain pre-determined operating conditions 


which are not always optimum because of changes in external factors, 1960 


The use of calculating devices in such systems presents great oppor- 
tunities for automati ptimization, i.e, the establishment of those 
operating conditions which ensure that the process has the best tech- 


nical-economic indices. 


The development of optimization systems is now in the initial stage. 
Current research is mainly connected with the creation of individual] 


types of externa] regulators (1), intended to maintain the indices of 
the production process at the maximum high level] or minimum low level. 


The inclusion of calculating devices in systems of automatic distur- 
bance contro! which automatically adjust their parameters when the 
characteristics of the controlled object vary makes it possible to 
jevelop se] f-aligning systems which are capable of ensuring the 
requisite evaluation of controlled process, so that the field of appli- 


cation is greatly extended for methods which wil] compensate distur- 


bances affecting the object. 


In conventional disturbance contro] systems (2, 3), the calculator 
is connected in such a way that its input will] receive disturbances 
received at the input to the system to be controlled (Fig.1). Using 
the disturbances received at the input, in accordance with the known 
transmission function of the system, the compensating action y is then 
calculated which wil] neutralize the effect of the disturbance f(t) on 
the system, and sometimes alter the behaviour of the system as and when 


the character of the disturbances changes. 
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It is obvious that the output quantity can only be held constant 
i.e. remain independent of the disturbance at the input to the system, 
if the parameters of the compensation calculator are chosen in accord- 
ance with the parameters and characteristics of the automatic contro] 
system. In the majority of cases, these characteristics are either not 


known accurately or else are subject to change, It is therefore 
necessary to correct the parameters of the compensating calculating 
device with the variation in the characteristics of the object and 

Such correction can be made by means of a second calculating 


regu] ator. 
device (CD2) which will analyse the behaviour of the output magnitude «x 


as a result of the effect on the system of the disturbance. Here CD2 
will alter the parameters of the compensating calculating device until 
the output quantity is made independent of the disturbance at the input 
(Fig.2). It is possible to evaluate the effect of the disturbance on 
the system by certain criteria of the quality of the automatic control 


process (4). 


(| x! dt; x*dt; (f(t{—+)|x dt 


+ 


Without dwelling on possible principles for realizing methods o 
minimizing the quantity x from the stated criteria, consider a method 
(5) where the necessary correction is made to the parameters of the 
compensating calculating device CD1 by investigating the ‘pseudo- 
mutual correcting’? function, which has the form: 


t 


where tT is the lag time, being in fact the time taken for the distur- 
bance to pass through the object. 


Consequently, the function f(t-7) is a function f(t) combined in 


time with the function x(t). 


It follows from the expression for g(t), that if the condition of 
constancy is satisfied, function d (t) will assume a fina] steady value 
(since the ‘‘sub-integral” expression becomes equa] to zero). 


Compared with other methods, the method under consideration, charac- 
terized by high stability to interference, has a considerable advantage 
in that no additional disturbances have to be fed into the system when 


it is used, 


The interference resistance of the system is due to the fact that a 


change in the magnitude of the function ¢ (t) will only take place if 
the variation in x(t) is correlated with the disturbance f(t) affecting 
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the object. All the remaining possible disturbances, even though they 
determine the variation of x(t), can be considered as interferences 
which do not cause a regular variation of the function b(t) after a 
sufficient interval of time. 


Fig. 1. Block-circuit of automatic con- 
trol system withdisturbance compensation. 


- automatic control system; conm- 


1960 


pensating calculating device. 


Pig. 2. Block-circuit of self-aligning 

systemusing correlated relationships. 

1 - automatic control system; 2 - com- 

pensating calculating device; 3 - cor- 
recting calculating device. 


If there are a large number of contro] objects the transmission 
coefficient is the only variable parameter of the characteristic and 
the “‘transmission’’ function itself remains almost constant. Such 
objects include technological processes when materia] with different 
characteristics is machined. Thus, meta) with different mec! anica] 
properties may be rolled on a rolling mill with fixed iynamic drive 
characteristics. The tube welded on an electrica] tube-welding macliine 
with fixed time constants for the welding current contro] circuit may 


be made from materia] with different ohmic and inductive resistanceetc, 
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In the case of these objects the problem of self-alignment is the 
establishment of the required value of the transmission coefficient in 
the compensating calculating device CD1 in accordance with the trans- 
mission coefficient of the object. It is obvious that if the value of 
the CD1 transmission coefficient is insufficient, the disturbance f(t) 
wil] not be compensated and x(t) will not be zero at the output from 
the system Here x(t) will coincide in sign with f(t) so that the 
function b(t) will increase. If the value of the CD1 transmission 
coefficient is in excess, the signs f(t) and x(t) are different and the 
value of function ¢/(t) will diminish, 


Thus, the output value x(t) will only be zero if the transmission 
coefficient is equa] to the required value, which in turn is propor- 
tional to the steady state value of the b(t) function. Ay variation 
in the transmission coefficient of the object, by disturbing the 
constancy condition, wil] cause a variation in the magnitude of the 
(t) function, and, consequently, an alteration in the CD1 transmission 
coefficient before it is applied in accordance with the value of the 
transmission coefficient of the object. 


In the following, as an example of the above system of sel f-align- 
ment, a study is made of a system for automatically, aligning tube 
welding conditions on an electrical tube welding machine, 


Control system for welding conditions 


Widespread use is made of resistance welding for tubes owing to a 
number of advantages compared with other methods of producing tubes, 
Among these advantages we should mention the fol lowing Gi the pos- 
sibility of producing a wide range of tubes in diameter and wal] thick- 
ness, precision production of tubes, high output and low production 


cost. 


When tubes are resistance welded the formed tubular blank enters a 
welding unit which comprises resistance welding disk electrodes connec- 
ted to a rotating welding transformer and non-drive pressure rolls. 

The electrodes and pressure rolls form a closed bore and by combined 
action create the necessary welding pressure in the welding seat. The 
transformer is supplied from a generator whose frequency and voltage 
determine the welding conditions. Part of the current applied to the 
rotating electrodes passes through the joint between the edges of the 
blank and heats them to welding temperature. Another part of the 
current is shunted in the closed circuit of the blank, Under the 
pressure of the rolls and electrodes the heated edges are pressed 
together and welded, The process takes place continuously since new 
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sections of the tube are fed to the welding seat a]] the time, the tube 
being shaped from strip on a continuous shaping mill. 


The main factor determining the quality of the welded joint when 
tubes are resistance welded is the temperature of the edges of the tube 
blank. The temperature is a non-linear function of the magnitude of 
the welding currents specific resistance, frequency of the welding 
current, thickness of the tube walls and a number of other factors. In 
order to stabilize the temperature of the edges of the blank (tempera- 
ture of the welded joint) it is possible in principle to create a 
closed automatic contro] system in which the measured deviation in 
temperature from the desired value wil] affect the amount of welding 
current. 


But owing to the design features of the machine the temperature of 
the welded joint can only be measured at a certain distance from the 
welding zone. This determines the presence of delay in measurement (up 
to 1.5 to 3 sec) and stops a closed automatic contro] system being made 
sufficiently quick-acting. The disturbances which cause the variations 
in temperature can also vary contemporaneously at comparatively high 
frequencies (up to 2 to 3 c/s). These disturbances are mainly the 
variability of the amount of welding current and the fluctuations in 
the thickness of the tube walls occasioned by inaccuracies in rolling 
the strip from which the tube is formed. The welding current is a 
function of the transient resistance between the contact rings and the 
workpiece to be welded and therefore varies within wide limits as a 
function of the finish of the surface of the strip from which the tube 
workpiece is formed, and the pressure in the welding unit if the vol- 
tage on the electrode rings is fixed, Consequently an automatic con- 
trol circuit must be introduced into the contro] system to maintain the 
given quantity of welding current constant. If the wall thickness of 
the tube to be welded varies, it is necessary to vary the value of the 
welding current to keep the temperature constant. If this variation is 
to be performed by a system of automatic temperature control from the 
deviations, then owing to the presence of delay in the system when tem- 
perature varies, such a system cannot conduct the process qualitatively 
if the thickness of the tube to be welded varies at frequencies of the 
order of several] dozen or wit c/s, and in certain cases may even 
produce worse results than manual control. In fact, the welding current 
can in this case for example increase at the moment when an even thin- 
ner blank is passing under the welding electrodes, and conversely, a 
signa] to change the welding current may be received when a thinner 
tube is passing, wut the system may in fact operate when a thicker 
blank is passing under the welding electrodes, Therefore, an addition- 
al compensating device must be introduced into the system to enable the 
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amount of welding current to be varied as a function of the variation 
in the thickness of the strip so that the welding temperature wil] 
remain constant. 


Fig.3 shows the principal circuit of such a control system. The 
welding current regulator, acting via the dynamoelectric amplifier for 
the excitation of the generator, which supplies the rotary transformer, 
holds the welding current constant. This can be measured by the cur- 
rent transformer in accordance with the task set by the machine opera- 
tor. The task of the welding current regulator is changed automatically 
like additiona] tasks set by hand, by a certain magnitude proportional 
to the value of the deviation in the tube wal] thickness from nominal. 
As the existing instruments can only measure the thickness of the tube 
walls before the strip is shaped into the tube blank, i.e, at the input 
to the shaping section, the compensating device incorporates a delay 
unit which makes it possible to memorize the deviation in the thickness 
of the strip from nominal and reproduce it after a period of time 7, 
equal to the time 7. taken for the strip to cover the distance from 
the point where the thickness ‘‘gauge” is installed to the place of 
welding. Thus the signal reproduced by the delay block is only fed 
into the system when the section of tube with the irregular wall thick- 
ness enters the welding section of the machine. 


Thus, the speed of the magnetic tape also varies when the speed of 
the mill changes so that delay time agrees with the time taken for the 
workpiece to move through the machine, 


In order to make reproduction more accurate, use is made of frequency 
modulation for the amplitude of the recording voltage, i.e. the record- 
ing system enters the demoldulator and a voltage is reproduced at the 
output of the delay unit equal to that fed in at its input. 


Owing to the inertia of the automatic contro] system, the welding 
current will follow the alterations in the tasks of the regulator after 
a certain delay. If the variations in the tasks are harmonic in charac- 
ter, the phase shifts and amplitudes of the welding current depend on 
the frequency of the variation in the task. In order to ensure full 
compensation of the effect of thickness on the welding temperature, 
the compensating device incorporates a dynamic compensating link having 
such an amplitude-phase characteristic that the phase and amplitude 
distortions remain constant for the whole working range of frequencies 
of the variations in thickness. 


If these links are present in the compensating device, the constancy 
of the welded joint temperature is only determined by the system trans- 
mission coefficient, i.e, by the coefficient of proportionality between 
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the amount of deviation in the thickness of the tube wal] from nominal 
and the change in the task of the current regulator. As has been 
stated above, the temperature of the welded joint is a non-linear func- 
tion of wal] thickness. Also non-linear is the relationship between the 
amount of welding current and thickness when the welding temperature is 
fixed, Only when the deviations in wall thickness are smal] can this 
relationship be linearized with a sufficient degree of accuracy, its 
proportionality factor here being dependent on the absolute thickness 
of the tube wall, the grade of stee] from which the tube is made and a 
number of other parameters. Consequently, this coefficient is general ly 
unknown and should be found every time a new type of tube is welded, 

The required coefficient is determined and fixed automatically by means 


of the automatic correction or se] f-alignment device. 


The operating principle of this device is the comparison made be- 
tween real variations occurring in the thickness of the tube walls and 
these variations caused by deviations in the temperature of the we lded 1960 
joint. Here it should be borne in mind that the deviations in tempera- 
ture as we)]] as variations in wal] thickness also occur for a number of 
other reasons which, in relation to variations in thickness, have the 
character of accidenta] disturbances or interference, whose distribu- 
tion is similar to the normal] Gauss distribution, 


In order to increase the interference resistance of the sel f-align- 
ment system, use is made of the calculating device CD2 which calculates 
the ‘‘pseudo-mutua] correlation” function 


t 
[ao 
5 


is the time function of the variation in temperature at the 
joint; 

is the time function of the variation in thickness combined 
with the 46 function by means of the delay unit. 


In order to calculate the (+) function, the correcting calculating 
device should incorporate a multiplier and integrating link as wel] as 
the delay unit. 


The elucidated deviations in joint temperature and thickness are fed 
in the form of voltages ‘aU, and AU, into calculating device CD2. As 
the deviation in thickness should be measured at the same time as the 
temperature deviation, the delay unit should accommodate a second re- 
producing head, which ensures a delay time ct. ,, equa] to the time 
taken for the tube to cover the distance from the thickness gauge to the 
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contact thermocouple. The calculating CD2 also performs the multi- 
plying and integrating operations, In order to simplify the CD2 scheme, 
it is electromechanica] and comprises a two phase motor as the output 
element, one of the windings of this motor obtaining a voltage propor- 
tional to SU, whilst the other obtains a voltage proportional] to 4U,, 
but shifted through 90° relative to the first. 


Thus the motor’ speed and torque are proportional to the product of 
the two voltages, the angle of turn of the rotor being proport ional] to 
the speed integral, i.e. to the integra] from the obtained product. 


In order to reduce the effect of the moment of friction of the motor 
on the value of the integra] to be calculated, only one of the motor 
windings is connected via an electronic amplifier to the voltage ‘AU, 
The second winding is always supplied with the full voltage in the form 
of pulses, the ‘‘slottedness” of which is proportional to the magnitude 
of the second voltage AU, . Pulsewidth modulation of the voltage to 
be supplied to the second winding of the motor is achieved by a special 
electronic scheme consisting of a saw-tooth voltage generator and an 
element for comparing the value of the voltage amplified by the elec- 
tronic amplifier Al , with the “flowing” value of the saw-tooth voltage. 
From the moment the saw-tooth voltage begins to increase to the moment 
it is equalized with the amplifier voltage Al , the scheme feeds the 
motor winding with an alternating voltage pulse whose phase is deter- 
mined by the law of the voltage AU’, Thus the motor’s torque, speed 


and direction of rotation are determined by the magnitude and sign of 
the product of the voltages 4U, and Al le 


The shaft of the motor for the calculating device CD2 is coupled via 
reduction gears to the arm of a reochord at the input to the amplifier 
in the compensating CD1, whose terminals are supplied with a voltage 
AU,, taken from the reproducing head in the delay unit (DU). The 
required value of the transmission coefficient is thereby established 
for Cl. 


Assume that the value of the function b(t) was zero when the system 
was switched on, i.e. no alteration occurs in the task of the regulator 
when the thickness of the tube wall varies. Consequently, for example, 
the increase in thickness will cause a jecrease in weld-joint tempera- 


ture and vice versa. It is obvious that the product of A4-Aé will 
not be zero here and the calculating jevice CD2, integrating this 
product, will move the arm ol the reochord to the input of the ampli- 
fier for CD1. Here a regulating sig al will be produced in CD1 propor- 
tional to the measured deviation in the tube wall and producing the 
corresponding change in welding current, Owing to this the effect of 
the change in wal] thickness on the change in temperature begins to 
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diminish so that the magnitude of the product A%-Adé will decrease and 


the speed at which the reochord arm is moved to the input of CDl will 
be reduced, This movement wil] cease completely when there is full 
compensation of the effect of the change in the tube’s wal] thickness 
on temperature, i.e. when A%-Ad is zero. Here the value of f(t) 
will be determined by the properties of the material from which the 
workpiece is made and its absolute thickness, 


Determination of the parameters of 
the self-aligning system 


The equation which shows the link between the fluctuations in the 
and the variations in thickness 4% 


temperature of the weld joint Af 
like a change in the instruction 


when a regulating action is present, 
AJ] to the welding current regulator, can be written in the form: 


=k, |— + W,(p)- 


where Ws (P) and ";(p) are the transmission functions of the object for 
the disturbing and regulating actions, the values 
of which depend on the parameters of the object; 


is a coefficient taking into account the tem- 
perature drop between the welding point and the 
point where temperature is measured, 


The variable magnitude of Af wil] not depend on the effect of Aé 
if the following condition is satisfied: 


— W,(p)-e + W,(p)-A/ =0, (3) 


which determines the parameters of the compensating device CDi. The 
structura] scheme of this device has the form presented in Fig.4. The 


compensating device CD1, when the thickness of the strip varies, will 


produce a change in the magnitude of the welding current equal to 


where k, is the transmission factor of the delay unit; 
is the variable amplification factor of the amplifier entering 
CD1; 
is the transmission function of the dynamic compensating link 
CD1; 
is the transmission function of the automatic contro] system 
for the welding current. 
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Making the necessary transformations we find from equations (3) and 
(4), (if T1 = To, which is always maintained) 


~W,(p) + ,k,W, (p)-W, (p)-W, (p) =0. (5) 


In the general case the transmission function #/(P) can be presented 


in the form W#(p) = aa , where k represents the static of the link 
Mp) 
and the operator D(p) the dynamic, 
Consequently, expression (5) can be written in the form of an 


equation 


kik kkk, 
D,(p)-D. (p)-D,(p) Dy 


Fig. 3. Structural circuit of self-align- 
ing system for automatic control of welding 
conditions on an electrical tube welding 
machine. 
1 - thickness transmitter gauge; 2 - memorizing device; 3? - 
delay unit; 4 - dynamic compensating link; 5-— amplifier with 
variable amplification factor; 6 — power amplifier; 7- weld- 
ing current regulator; & - automatic correction device; 9 - 
shaping stands; 10 - memorizing device; 11 - welding trans- 
former; 12 — welding electrodes; 13 ~ temperature ‘‘trans- 
mitter’’. 
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which holds when 


D (p) 
¢ D, (p)-D,(p 


Formulae (7) and (8) make it possible to determine the parameters of 
the basic links of the compensating calculating device CD1 when the 
parameters of the object are known, 


cpl 


| 


Fig. 4. Structural circuit of compensating calculating device 
and object. 


In view of the variation of coefficients k§ and ky and their depen- 
dence on the operating conditions of the object, it is also necessary 
to vary the coefficient k& apy ropriately if the effect of thickness on 
temperature is to be fully compensated. This is effected by means of 
calculating device CD2. 


Transient processes in the 
self-aligning system 


If the effect of changes in the thickness of the strip on tempera- 
ture is not fully compensated, i.e. if condition (7) does not hold, the 
value of Af will not be zero in the presence of Aj and the function 
dt) (1) will vary. The coefficient k will also vary in accordance 


with this function, k being prop rtional to d/t) 
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k = — m-9i(t). (9) 


n 


Substituting in equation (1) the value of Af’ from equation (2) and 
bearing in mind that the delay time is maintained accurately by the 
delay unit, we obtain equation (9) after transformation in the follow- 


ing form: hy 
=— mn — rt 


D,(p)-D. (p): D. (p) 


(10) 


If the frequency of the welding current is 100 to 200 c/s, as occurs 
on modern machines, heating time amounts to roughly 0.006 sec and, con- 
sequently, we can ignore the constant heating time when the effect 
changes compared with the time constants of the remaining elements in 
the system, In view of this we can consider D,\ p)== 1, and taking 
equality (8) into consideration, we have: 


On differentiating both parts (11) we obtain an equation which describes 
the process of self-alignment in a system when welding conditions 
change 


dk 
+ mk, kk = 


The solution of this equation has the form 


dt+ C,)e ° (13) 


The necessary value of the coefficient k, will be established by the 
automatic correction device in the event of an abrupt jump in the vari- 
ation of the strip thickness A% according to the law: 


—mk,kyk; 


The process of self-alignment proceeds according to the exponent 


with a time constant /,.—= — —. and is always stable since the 
mR Rak 


quantities which determine the time constant Tee are always positive. 
The value of the time constant can easily be varied by an appropriate 
choice of the coefficient a, so that it is possible to ensure the 
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requisite values of self-alignment speed and time as a function of the 
parameters of the object. In order to ensure that the system is stable 
in the presence of interference, the self-alignment time constant on 
should be chosen several times greater than the period of the lowest 
frequency interferences affecting the system 


In the event of a harmonic change in the deviation of the thickness 
of the strip Ai=— 42 sin of the process of se]f-alignment is described 
by the equation 


(15) 


+C,)e 


the solution of which has the form 


1960 


t 
ky ky mk \ > n dwt | 
a RR, RRR Re 


The se]lf-alignment proceeds along a continuously rising curve if 

ky Ry 
< along a continuously falling curve if > 


the curve having the form of an exponent with superposed harmonic 
variations which diminish in magnitude as time increases. The process 
is always stable as in the previous case. 


The system in question has been installed and experimentally proven 
for controlling welding conditions or an electrical] tube welding 
machine, 


— 


Pig. 5. Welding temperature during (1) manual and (2) auto- 
matic control. 


The diagram shown in Fig.5 shows the variation in welded joint tenm- 


te 
(16) 
| 
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perature for manual] and automatic contro] with the same machine opera- 
ting conditions (identical speed of the sheet, an identical workpiece 
and so forth). With automatic contro] the variations in temperature 
decreased considerably (roughly by a factor of 6 to 8) compared with 
manual control. This naturally improved the quality of welded joint. 


Translated by O.M. Blunn 
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LOCATION AND EFFICIENCY OF 
INSULATING COUPLINGS AND FLANGES FOR THE 
PROTECTION OF UNDERGROUND METAL 
STRUCTURES AGAINST ELECTRICAL CORROSION* 


L.D. RAZUMOV 
(Received 2 April 1959) 


As is known (1-4), one method of camposite protection for under 
ground meta] structures from electrical] corrosion is electrica] 
sectionalization by means of insulating g@s, i.e. insulating couplings 
on cables and insulating flanges on conduits, f correct use is made 


of electrical] sectionalization the magnitude of the stray currents in 


the underground structure is considerably reduced. AM approximate 


scheme of the flow of currents when sectionalization is practised is 
shown in Fig. 1. As can be seen from this diagram, new anode and cathode 
zones arise about each such insulating coupling. 


The connexion of an insulating coupling denotes a full] break in the 
path of the current along the underground structure. The amount of 
current at the point where the insulating gap is connected equals zero, 


From the electrical] point of view this condition can be fulfilled if 
a fictitious current source is connected in the underground structure 
instead of the insulating gap Fig. 2. 


The current created by this fictitious current source at the point 
where it is connected should in the opposite direction to the basic 
current but equal] to it in magnitude, 


Having added the basic and fictitious currents algebraically, we 
obtain the actual] current passing in the underground structure when an 
insulating gap is present. 


The remaining magnitudes characterizing the distribution of currents 
in the underground structures, » the in relation to earth 
and the density of the leakage current, 1] ; ual to the algebraic 
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sum of the basic quantities and the quantities produced by the fic- 
titious current source, 


Consider the distribution of currents in an underground structure 
when the current source is connected in series (Fig.2) with an e.m.f. 


This case is considered in (4). 


The magnitude of the current passing in the underground structure: 


i, (0) a}. (1) 


The potential of the underground structure in relation to the remote 
earth point 


(2) 


where the sign + refers to «> 0 and the sign - refers to +< 0; the 
linear density of the leakage current from the underground structure 


‘ 
(Xx) 5p == 1, (U) ye | |, 


trans 
when the minus sign refers to xs >0 and the plus sign to x; 0. 


The potential of the underground structure relative to the nearby 
earth points can be determined approximately from the formula 


I, (+ | Seeans 


The following designations are used in formulae (1-4): 


characteristic impedance of the underground structure, 


rk 
trans 


ohms; 

longitudinal impedance of an underground d.c, struc- 
ture, olm/m; 

transient impedance between the underground structure 
and earth, ohm x m; 

horizontal] distance from the underground structure to 
that point on the surface of the ground relative to 
which the potential is determined, a; 
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ln (ohm x a); 
impedance of the insulation covering, ohmx m; 
constant for the distribution of current along the 
1 
underground structure, — ; 


depth of the underground structure, a; 


outside diameter of the underground (metal) structure, 
1 


- specific earth impedance, ohm a; 


xs — distance along underground structure, a. 
2 
Pig. 1. The passage of stray currents in a sectionalized 


underground structure (without shunting resistances). 


Pig. 2. 


c 


sulating gap; 


4 ~ anode zone; C - cathode zone. 


1 — under structure; 2 - insulating gap. 


[~ 


| 


Inclusion of a fictitious current course instead of 
an insulating gap. 


~ current in underground structure before connexion of in- 


- current produced by fictitious current 
source with e.m.f. v. 


For the deduction of formulae (1) to (3) it is assumed that the 


positive direction of the current coincides with the positive direction 


of the x axis. 


The signs of al] the quantities in formulae (1) to (4) 


change when the direction of the current is reversed, 


It is quite obvious that the magnitude of the fictitious current at 
the point where the gap is installed should be precisely the same as 
the basic current taken with the reverse sign if one insulating gap is 


instal led. 
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If ly is the co-ordinate of the connexion of the insulating gap, 
then the fictitious current 1, at the point where the gap is installed, 
i.e. at the point with the co-ordinate ly , equals 


where i (ty) is the basic current in the underground structure at the 
point with the underground structure ly if there is no insulating gap. 

The quantities which result when an insulating gap is present will 
then be determined from the formulae 


4 i, (x) =i, (x) — 


x—l, 


=U, (xX) +4, (x) 


lees 


(x)= 


In expressions (6) and (7) the top signs refer to «z >ly and the 
lower to x <1,. The signs of the terms in (5) to (7) are assigned for 
the positive direction of the basic current tos if i. has a negative 
sign, the signs in the second terms obviously change. 


Figs.3 and 4 show the curves of the current and density of the 
leakage current from the sheathing of a cable laid along a double track 
electrified d.c. railway line 100 m away from it with a specific earth 
resistance of 100 ohms x m for the three co-ordinates for the connexion 
of the insulating coupling 100, 500 and 2500 m. The load of the trac- 
tion substation is 1000A (point «x = 0 is located opposite the traction 
substation). As can be seen from these curves, zones with an increased 
leakage current density arise at the point where the insulating coup- 
ling is installed. The magnitude of the leakage current density (on 
the right hand side of the insulating coupling in the present case) 
exceeds the meximum leakage current density which arose opposite the 
traction substation before the insulating coupling was installed, It 
is quite obvious that the installation of one insulating coupling in 
the conditions under examination will reduce the amount of current in 


the cable sheathing, especially when x = 2500 m, but from the point of 


| | 
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a 
a 
: 
i 


84 Electrical corrosion 


view of the danger of electrical corrosion it can do nothing but harm, 


Pig. 3. Currents in cable sheathing with different co-ordi - 
nates | for the connexion of insulating gaps. 

Values of the current: 1 - without insulating gap; 

1=100m 3-1=500 4- = 2500 m. 


2 - with 


The density of the leakage current on one side of the insulating gap 
is increased by Y- i, (ly), as can be seen from expression (7). 

Thus an insulating gap wil] always entail increased leakage current 
density when installed in the zones of the leakage currents from the 


underground structure, 


It follows that the magnitude of the resulting leakage current den- 
sity will be smaller at points where the values of the basic current 
The installation of couplings at points with maximum basic 


are lower, 
from the point of view of reducing the 


current is more efficient 
current, but it leads to the biggest increase in leakage current den- 


sity. 


From the point of view of minimum leakage current density it is 


advisable to install the insulating gaps 
of current into the underground structure, In this 
isity rises comparatively less when current is 


in the cathode zones where 


there is an influx 
“ase leakage current der 


All 
2 
\ 
\ 
\ 
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reduced as a whole. 


Sonsider the case when several insulating gaps are arranged in the 
underground structure (in the general case, n such gaps). 


Tig. 4. Linear density of leakage current from cable sheath 
with different co-ordinates | for the connexionof insulating 
couplings. 
Leakage current density: 1 - without insulating gap;2-l= 
100 m 3-12= 500 m 4-1 = 2500 m. 


Substitute a fictitious current source for each insulation gap. The 
amount of current produced by the source should be such that the result- 
ing current at the point where the gap is located should be zero. This 
can be expressed mathematically by the following equations: 
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j 


the currents produced by the fictitious sources 
connected instead of the first, second and so 
forth insulating gaps; 

are the co-ordinates of the location of the 
insulating gaps 

are the basic currents in the underground struc- 
ture when there are no insulating gaps at 

points with the co-ordinates li. iio 


having solved the set of equations (8) we can determine the resulting 


values of the stated electrica] quantities 


In expressions (10) and (11) when s = |, the fractions beneath the 
x 
and as well as when # are equal to 
x 


unity, but the sign of the term is taken on the right from the insula- 
tion gap for «x >l,, and on the left for «x « l,. These fractions are 
only introduced so as t¢ take the sign of each term into account cor- 


sign 2, 


rectly. 
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It is quite obvious that i 


=O 


re k° 
Figs, 5 and 6 show the curves of the current and density of the 


leakage current from the sheathing of a cable with a different number 
of insulating couplings. 


The parameters of the cables and rails and the cable-laying condi- 
tions are the same as those stated above for the examination of one 
insulating coupling (Fig. 3). 


Pig. 5. Currents in cable sheath with different numbers of 
insulating couplings and different co-ordinates (ly, lo. 
etc.) on installation. 

Values of current: 1 - without insulating gaps; — two 
couplings (ly lo =- 500 m); 4- four couplings (1, = 
=- = — 2500 a, le =. ls =- 500 m); 5 — six couplings 
= - lg = 2000 a, = 5 = 1000 a, 
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Pig. 6. Linear density of leakage current from cable sheath 
with different numbers of insulating gaps and different co- 
ordinates (ty, lo. etc.) on installation. 

Leakage current density: 1 - without insulating couplings; 
2 two couplings (ly =. : 3 - four couplings 
2500 m): = 4 six 


coup] ings (tl, =- 


As can be seen from Fig.5, the total current in the cable sheathing 
decreases rather sharply when the number of insulating couplings is 
increased. The maximum effect is produced by installing the couplings 
at points where the basic current is greatest. Thus, for example, when 
two couplings are installed at points + 500 «, the maximum current only 
decreases by 0.1A, but when couplings are installed at points + 2500 a, 
i.e. at points with maximum basic current equa] to 2.45A, the highest 
value of current emerges when « = + 4500 » and is equal to 1,9A, 1.e@, 
0.565A less. 


88 
mA/M 
| iyi 
i 
\ |! vip j 
\ 
i 
‘ul 
i! 
i 
lg =- = - 500 


60 


Electrical corrosion 


On the whole, the installation of insulating couplings is instru- 
mental in considerably reducing the amount of current in the cable 
sheathing. But this cannot possibly be said of the amount of leakage 
current density. It can be seen from Fig.6 that the leakage current 
jensity and consequently, the potential relative to the nearby earth 
point, is increased when insulating couplings are installed, Thus, for 
example, when four couplings are installed with co-ordinates + 500 and 
2500 =», leakage current density reaches 3,08 with a 
maximum basic density of the leakage current of 2.59 ma@/ an. 


It is characteristic that the extreme coupling has maximum leakage 


current density when couplings are spaced at frequent intervals. 


If six couplings are installed, leakage current density 15 as 
fo] lows for couplings with co-ordinates+ 500 m 1.14 ma/m, for 
couplings with a-ordinates+ 1000 n 1.47 ma/m and for the extreme 


couplings with co-ordinates¢ 2000 m 3,1 ma/m, 


It is obvious that the densities of the leakage currents wil] 
less if there are more insulating couplings spaced closer toget! 
The region of maximum leakage current density wil] shift to the en 
the danger zone when the number of couplings is increased but the 
values themse) ves will decrease in view of the reduction in basic 


current. 


But the installation of four to six couplings in the case under 
consideration will only bring harm, 


In order to reduce the positive potential which arises at the insula- 
ting gap, as is known (1), it is recommended that the gap be shunted by 
a resistance, the ‘“‘balance rheostat” (Fig.7). 


The amount of current passing through the resistance of the balance 
rheostat can be determined from Tevenen’s theorem. The current I, 
passing through the resistance 15s equal to the difference between the 
potentials existing before the connexion of the resistance /, between 


Since 


points A and R&, divided by the sun of the resistances /, ¢ 


the difference between the potentials between points 4 and & equals 


t then 


the direction of the current I, oincides with the direction of the 
basic current in the underground structure, This is equivalent to a 
reduction in the fictitious current and, consequently, on the one hand 
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leakage current density decreases at the insul ating gap, whilst the 
performance of the gap becomes less efficient on the other, depending 
on the decrease in basic current. 


The equivalent fictitious current wil] thus be 


iil RF (12) 


and the resulting current in the underground structure when an insula- 
ting gap is installed (see formula 5) 


\ 
t (x i(x)+i[l— zs e' = 
res K <2, 
/ (13) 
; <2 
i (x | ow. 
i 
R, + 22 
a 


Fig. 7. Inclusion of balanced shunt resistance at insulating 

gap. t. = current in underground structure before insulating 

gap connected; J, = current in balanced resistance; f, = 
= balanced resistance. 


As can be seen from (13), when Ff, = 0, treg = (*) = i.(*), which is 
what of course it ought to be after shortening the gap. 


The resulting leakage current density is 


\ 


ot 


At the point where the insulating gap is installed, i.e. when x = ly 


(x)= jf (1,)=j_(/,) 


res ' 
<<. (15) 
= i.(/,)y{ 1 pom 
As can be seen from this formula, if j, is negative, leakage current 
density wil] increase by 


/ 
| 
\ 


Ry 7 22 
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It is necessary to reduce R, if this ‘negative addition” is to be 
reduced. Complete absence of any increase in leakage current density 
will however signify that the insulating gap has been short circuited. 
On the other hand, if P is positive, i.e. if the insulating gap has 
been installed in the zone where there is an influx of current into the 
underground structure, then as can be seen from formula (15), the den- 
sity of the influx current will increase on one side of the gap but 
decrease on the other. In the later case it may be that the subtrahend 
is greater than j. and an anode zore will then arise. In order to 
eliminate this zone the magnitude of A, must be so chosen that 


DY 


i 
It is found from (16) that to satisfy this condition 


(ty) 

The negative result obtained when using this formula indicates that 
current density j. is greater than i. Y when ly is given and that it is 
therefore impossible to achieve their equality for any Ry. 


Another way of reducing the anode zones arising at the insulating 
gaps is to provide a current conductor (5). 

Consider a scheme of current protection including the insulating 
gaps. As the insulating gaps are usually installed at comparatively 
large distances from the point where the cathode station is connected, 
the effect of the currents in the operative earthing of the cathode 
station can be ignored, 


The basic current in the structure to be protected is then 


i (x)= + 


where, when x >0O the upper signs are taken, and when x < 0 the lower 
signs. 


The basic density of the inflowing current is 


Consider the inclusion of two insulating gaps. Let the insulating 


gaps be installed at points with co-ordinates! , <0 and l, > 0 (Fig. 8a). 
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Pig. 8. A - installation of insulating couplings on a cable; 
6 ~ curves of current i in amperes and density of influx cur- 
rent j in ma/m in cable sheath with cathode protection and 
insulating couplings at points with co-ordinates |, = — 3000 m 
and /.. = 3000 m. 
1 -— current without insulating couplings; 2 - the same, with 
two insulating couplings; 3 - densityof influx current with- 
out insulating couplings; 4 - the same, with insulating coup- 
lings. 


The fictitious currents wil] be 
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resulting current when x >I, 
resulting current when |, > 0 


(I 
i = (x) 


r 


when 4 


Analogously, the resulting linear density of the inflowing current 
will be 


when X 


when 


+ ets 


j = 2j,(/,) — 


res 


variation in the amount 
is made of 
and a cathode 


As an example Fig.8(b) shows curves of the 
of current and the density of the leakage current when use 
cathode protection for a cable with the stated parameters 
station current of I = 20A; when ly = - 1, = 3000 m. 
Formula (8) to (16) refer to a stable distribution of the cathode 


and anode zones along the underground structure, Use may also be made 


of these formulae if a ‘‘sign-variable zone” is present on the equipment. 
case is it necessary to make a calculation for stray 


Only in this 
directions, corresponding to the different signs of the 


currents in two 
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potentials in the underground structure relative to earth. If there is 
a “sign-variable zone” on the structure the distribution of the anode 
and cathode zones wil] obviously vary with time and likewise with the 
direction of the current even after insulating gaps have been installed. 


No attention has been paid in this article to the effect of the 
insulating gaps in the underground structure in question on adjacent 
equipment. The study of this effect should be the object of a separate 
article. It may however, be mentioned in advance that the insulating 
gaps should if possible be installed at the same spot on all under- 


ground ground structures laid side by side so as to prevent this effect. 


Conclusions. 1. The installation of only a few insulating gaps does 
not stop the danger of electrical corrosion but merely redistributes 
the dangerous zones. The installation of an insulating gap in the anode 
zone even increases the density of the leakage current. 


Obviously leakage current density will also increase in sign-variable 
zones whenever a positive potential] arises on the underground structure 
relative to earth so that it is also inadvisable to use insulating gaps 


in these zones. 


®. The installation of insulating gaps may be used in stable cathode 


zones on underground structures as a means of reducing the stray 
currents in the gear and thereby reducing the leakage current density 
i be 


accompanied by the instal] lation of additiona] gear (balance rheostats, 
current conductors etc.) in order to eliminate the local] anode mne 


in the anode zone, But the connexion of insulating gaps shou] 


arising on one side of the gap. 


3. The formulae mke it possible to evaluate the effectiveness of 


installing one or several insulating gaps in actual cable-laying con- 
ditions for design purposes and plan additional] devices for the elimina- 
tion of the cathode zones arising about the insulating gaps. First of 


all it is necessary to evaluate the danger of electrical] corrosion on 
currents 


the proposed structure and find the magnitude of the stray 
flowing in them This can either be done by preliminary calculations 
or by measurement if the plans relate to structures already in use, 


As is known, preliminary calculations are extremely difficult for 
urban networks owing to the complex configuration o! the underground 
structures and tramlines. In these conditions it is recommen jed (1 
that plans be based on measurements, The above formulae may therefore 
only be used in urban conditions for the simplest networks of under- 


ground structures and tram]ines. 


Translated by O.M. Blunn 
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SYNCHRONIZING DEVICE FOR SYNTHETIC 
RUPTURING CAPACITY TESTS ON 
CIRCUIT BREAKERS* 


N.M. CHERNYSHEV and V.D. LIASHENKO 
Lenin All Union “lectrical "gineering Institute 
ecetved 9 June 1959) 


The synchronization of the operation of the individual] elements in 


the test and metering ircuits plays an important part in equipment for 1960 
testing the rupturing upacity of circuit breakers. lf however a 
synthetic circuit is provided in which the current to ve tripped and ; 
the recovery voltage are obtained from different sources the problem of ia 
synchronizing the operation of these sources 1s even more complicated, oh 

A description has already been given of an instrument which makes it 
possible to contro] the elements of the test plant with precision (1). 


The present article deals with the principles and design of a synchro- 
nizing device for contro]ling the supply source of a synthetic circuit 


for testing circult Dreakers. 


All the various types of synthetic circuit can be divided into three 
main forms 
(a) circuits in which the increased voltage source is permanently 


connected to the test object (2, 3) 


(b) circuits in which this source is connected precisely at the 


moment when the current to be tripped passes through zero, 


(c) circuits in which the increased vi ltage source is connected at a 


strictly pre-determined moment of time before this (5). 


The last two circuits require a synchronizing device, 


A synchronizing device has already been leveloped (4) based on the 
principle that the current curve can be approximated sufficiently 
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accurately by a straight line in the interval of time between the 


attains its zero value, 


moments when this devi« current 
rate of chal he cu nt within this interval 


If this interval] equals ¢, en » following relationship 


In other words, the synchronizing dev » should operate when 
0. 


The synchronizing device (SD) incorporates a zero v¢ ltage electronic 
relay. A voltage is applied to the input to this relay proportional] to 


the sum [ r° This voltage is either produced by means of an 


active and inductive metering shunt or by means of an air-cores current 
transformer. 


Such shunts, as shown by operating experience, can be successfully 
used at currents up to 20kA. If the current to be tripped is increased 
it is undesirable to make use of shunts directly in the test circuit 
owing to the difficulty of ensuring sufficient dynamic and thermal 
stability of the shunts and the effect of interference trom direct 
connexion of the SD in the circuit of the current to be tripped (be- 
cause of the differences which appear during the tests between the 
potentials of the earth points for the SD and test object). 


A circuit has therefore been developed which makes it possible to 
use the secondary windings of a current transformer to supply the input 
circuits (6). 


By regulating the amount of “‘lead’’ tas it is possible to compensate 
the proper time of operation of the recovery voltage source and supply 
a voltage to the test circuit breaker at the moment of time when the 
current to be tripped is zero. In a two-frequency system of operation 
the lead should be such that no breaks obtain in the curve for the 
current to be tripped when the arc is extinguished in the auxiliary arc 
extinction device, 


Principal circuit of the synchronizing device 


The synchronizing device consists of two symmetrica] parts which 
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Synthetic rupturing capacity tests 


operate alternately in the positive and negative half-periods of the 
current to be tripped. Each part comprises the following elements 
(Fig. 1): cathode repeaters L,, triggers L,, Ly, lg and L4, differen- 
tiating elements C3 to Cg, and Re to Ray and Lio and blocking relays 
BRo, BR, and BR». 

The SD is supplied with direct current from special units built into 
the instrument for automatic control] of the test. 


The scheme operates in the following sequence, 


The input voltage of the metering elements (Fig.2) is supplied via 
the cathode repeaters to the triggers which perform the function of an 
electronic zero voltage relay. In the absence of voltage at the input, 
value L, conducts, but when a negative potential is fed to its grid the 
trigger is ‘‘cocked’’., If the voltage at the input to the scheme drops 
to zero the trigger operates. The trigger is regulated by varying the 
negative voltage on the grid of valve Lo. 


The second half of the circuit (input II, Ly and L4) reacts on the 
other polarity of the current to be tripped). 


If the current to be tripped passes through the metering elements 
then the potentials on the anodes of valves Ly and Le are decreased ‘‘in 
a leap’’ at the moment of time which precedes the given value of time ty 
for the transition of the curve of the current to be tripped through 
zero. This change in the potentials by means of differentiating links 
gC, Rel, and Rios is converted into negative voltage pulses which act 
on the grids of the triodes Le to Lio- 


In the state of ‘‘rest’’, all the triodes are live and the voltage 
drops on their anode impedances create negative displacements (biases) 
on the grids of the output thyratrons Lay and Ly: When the triggers 
operate as a function of the polarity of the current to be tripped, the 
triodes of values Lg to Lyp On the left or right cut off. 


If the scheme is blocked the voltage on the grids of the thyratrons 
is practically constant when the triggers operate owing to the shunting 
of grid-earth circuit by capacitors Cyy and Cyo° 


In order that the synchronizing device should operate, it is neces- 
sary to feed a constant voltage of 110V to the coil of the relay BR. 
This voltage should be applied during that half-period of the current to 
be tripped, at the end of which the output pulse of the synchronizing 
device must be produced (for example, in the last period of arc combus- 
tion). The contacts of relay BRy open and disconnect capacitance 
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When the trigger first operates (after the contacts of relay BRy 
open) thyratron Lay cuts out and capacitance Co discharges on one of 
the windings of relay BR,. The voltage taken from the second winding 
of the relay is the output voltage of the synchronizing device, 


Pig. 2. Connexion of metering elements in synchronizing de- 
vice. a - from air current transformer; + — from shunts 
connected in circuit of the secondary windingsof the instru- 
ment transformers: c¢ — from shunts connected directly in the 


circuit of the current to be tripped. 


The operation of relay BR, (disconnexion of capacitor C;9) leads to 
the de-blocking of thyratron1,,. At the end of the last half period 
of the current to be tripped this thyratron opens and a voltage appears 
on the coils of relay RF... The synchronizing device gives a second 
pulse. The operation of relay BR, leads to the de-blocking of the next 


thyratron, 


If the current in the circuit of the breaker continues to flow, the 
remaining thyratrons will also operate successively in an analogous 
manner. In all, the synchronizing device under consideration can issue 
up to six pulses (channels I, II, III, IV, V and VI). 


The neon tubes NT, and VT. indicate each operation of the synchroni- 
zing device, Use is made of the second contacts of relay RR to mark the 
moment of operation of the blocking relays on a magnetic oscillograph, 
In those cases when it is necessary to register the moment of operation 
of the synchronizing device on the magnetic oscillograph, a high sen- 
sitivity loop is connected direct to the appropriate output terminals. 


When breakers are tested in automatic reclosure conditions or other 
cycles, double de-blocking of the circuit is possible (in the first and 
second cycles). In this case the first pulse is fed to the coil of 
relay BR, and the second to the coil of the relay which de-blocks 
channe] IV. The synchronizir 


iw device can issue up to three pulses in 
beth the first and second cycles, 


The operation of the synchronizing device 1: analogous to the above 
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when fed from an air current transformer supplying a voltage at the 
output proportional to the product of the current, 


In this case the tumblers gf, and 8. close and the air transformer is 
connected to terminals 1-3 and 5-3 (Fig. 1). Capacitors Cy and Co and 
the internal resistance of the transformer form an integrating link, 


The voltage at the input to the cathode repeater equals 


| 
=U,+U,, 
where U. is the voltage at the capacitance; 


Uno is the voltage on part of resistance R.. 


But the voltage on the capacitance is proportional to the current to 
be tripped and the voltage drop on resistance R, is proportional to the 
current product. Consequently, 


di 
U =i 
cer 


RR,C. 


Coefficient k varies from 0 to 1 and is determined by the position of 
the ‘blade’’ on resistance Ro or Rs depending on the polarity of the 
current to be tripped. 


The operation of the synchronizing device is also possible when one 
limb is fed from the air transformer but the second limb from shunts, 


When tests are carried out on a two-frequency system (5), the syn- 
chronizing device gives an impulse on the operation of the increased 
voltage source with a lead which amounts to several thousand / sec. 
In certain cases, for example, in the case of an are of synthetically 
increased length (7), pulses are formed which are tens or hundreds of 
jzsec in advance of the moments when the current passes through zero, 


Output VI is provided in the synchronizing device in question to 
contro] the increased voltage source in a two- frequency scheme, Until 
output V operates,the synchronizing device works in the way described 
above. After output V has operated the relay BR. (only its contacts 
are shown in Fig.1) connects the resistance R, in series with resis- 
tance Rg. The magnitude of the product of the current supplied to the 
input increases and this increases the operating lead of the system in 
the last channel (VI). 


Air current transformers may be more conveniently used to produce 
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large values of 


The metering elements of the synchronizing device 


If an aperiodic component is present in the current to be tripped, 
maximum accuracy of synchronization is produced by the use of one 
active and one inactive shunt as the metering elements, these shunts 
being connected directly in the circuit of the current to be tripped, 
Good results are obtained from air current transformers with an 
integrating link time constant greater than 1 sec. 


If the test is carried out with or without an aperiodic component in 
the current but the current to be tripped flows for a period of time 
less than 2 half-periods, the requisite accuracy of synchronization can 
be ensured if an active shunt and reactive shunt are connected in the 
secondary winding of the instrument current transformers with steel. 

In order to reduce the load on the current transformers, the shunts 
should be set up directly at the outputs to the metering winding, 
whilst the voltage taken from the shunts is supplied to the synchroniz- 
ing device, 

Let us evaluate the errors which can occur when current transformers 
are used, Let us use for this purpose equivalent networks of the cur- 
rent transformers as shown in Pig. 3. 


Pig. 3. Equivalent networks of instrument current transfor- 
seers. current transformer with steel core; 6 air 
current transformer. 
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The main difference between these schemes is the amount of mutual 
inductance in the secondary winding w. In the case of a current trans- 
former with steel] the magnitude of ¥. is large, the magnetization 
current ip is insignificant, whilst the secondary current (given value) 
differs very little from the primary. 


160 


Pig. 4. Synchronizing device. 


Conversely, in the case of the air current transformer, the magni- 
tude of ¥. is relatively smal] and the magnetizing current is therefore 
almost the same as the primary current, The charging current of the 
capacitance C is proportiona] to the product of the primary current. 
The voltage on the capacitance is equal] to the integral of the product, 
proportiona] to the primary current. 


The differentia] equations which determine the secondary current or 
voltage are of the same type and in the case of the schemes shown in 
Figs. 3(a) and (b) are equal respectively to 


dip Me diy, 
dt T°? at’ 


We , 1 7, Me di, 
“di ae’ 


-L 
where Ts or T = fC, for the scheme in Pig.3(b). 


If the current it2 contains an aperiodic component with a time 
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constant of attenuation T then 


i, (cos at —e 


Equations (1) and (2) will also be solved in the same way: 


sin (ef ?)-sin cos* ge 


r 


+ Ik 


where -& 4 for a current transformer with a steel] core; 


for the air transformer; 
? arctan «7. 


The angular error of transformation of the symmetrical component of 
the short circuit current expressed in readians can be calculated from 
the following formula: 


(the sign “plus’’ or “‘ minus” depending on the polarity of the current). 
When T = 1 sec the angular error in wits of time amounts to: 
- 10 — 0,0l psec. 


The maximum error with the aperiodic component taken irto account 
arises at the moment of time equal] to 


where 


Calculations performed for the case when T = 1 sec and T, = 0.05 sec 
have shown that the maximum error in transformation of the aperiodic 
component arises when ¢ is approximately 3T.. In consequence of this 
error, there is a time shift of 160 yu sec between the times when the 
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primary and secondary currents of the transformer pass through zero, 


It is evident from the above that the errors in the current trans- 
formers are mainly determined by the presence of an aperiodic component, 
A decrease in the error can be achieved by increasing the time constant 
T. If use is made of a current transformer with a steel core this is 
difficult since the mutual inductance #, def ends on the amount of 
current and greatly decreases when an aperiodic component is present in 
it. The synchronizing device operates successfully if the current 
passes for 1 to 2 half-periods, i.e. when the breaker is tripped before 
the aperiodic current component fades. 


The design of the synchronizing device is shown in Fig.4. It is 
made in the form of a portable unit which can be installed in the auto- 
matic test control rig (see Fig.6c, Ref.1). The front panel accom- 
modates the input switch, arms and instruments for tuning the triggers, 
arms for regulating the lead of the triggers (timing) relative to the 
moments when the current to be tripped passes through zero and signal 
valves (operation indicators). 


Operating experience with the described synchronizing device has 
shown that it ensures precision connexion of the increased voltage 
source in the synthetic scheme, 


Translated by O,M, Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.2, 1960 


Modern concepts of dielectric breakdown: G.I. Skanavi dee’ d 
(pp. 1-8). 

The author has discussed the breakdown of gaseous, liquid and solid 
dielectrics, Test results are analysed and these would appear to 
justify re-approaching the problem of pre-breakdown processes in the 
crystals, The electrical breakdown of crystals and highly pure liquids 
is considered to be influenced materially by a combination of the cold 
emission of electrons from the cathode and shock ionization. List of 
15 references and three diagrams, 


Small domain stability of the excitation control system for 
a synchronous motor: D.P. Petelin (pp. 25-28). 


In order to improve the operating conditions and increase the stability 
of a synchronous motor and the supply system, use may be made of auto- 
matic excitation regulation for motors operating on a variable load. It 
is possible and sometimes expedient to obtain this contro] by angle 0, 
as proposed by D.P. Petelin, (Reference given, dated 1959). An equation 
is formulated characterizing the process of regulating the system (List 
of four references), 


A physical model for the d.c. transmission system Stalingrad 
hydro-electric station - Donlas: V.V. Voskresenskii, 


kh.F. Barakaev and L.V. Travin (pp. 28-35). 


In view of the difficulties encountered in the analytical] calculation 
of fault conditions in d.c. transmission, the All-Union Electrical 
Engineering Institute has produced a physica] mode] for d.c, trans- 
mission consisting of six individual converter bridges which can be 
considered universal)’ and applicable to the investigation of any 
multi-bridge conversion schemes, The general characteristic of the 
model is given and the method of modelling described, The shape of the 
curves and the amplitude of the voltages are determined for individual 


points in the scheme in rated conditions, 
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Some special features of long distance a.c. transmission 
system performance: I.M. Markovich, S.A. Sovalov and 
A.A. Kryukov (pp. 35-40). 


A study is made of 600 kV transit type transmission over 1500 km with 
compensating devices and 600 kV transmission with intermediate power 
systems connected to the line. Special attention is paid to the effect 
of intermediate synchronous compensators, The installation of compen- 
Ssators at each intermediate substation is advocated, their total] output 
(MVA) being equal to the power to be transmitted along the line (MW). 
Here it is recommended that the reactance of the compensators be 
partially compensated by banks of static capacitors. Current density 
in long distance transmission should be increased to 0.9 to 1.0 A/mm2 
at least. Systems of ‘fault discharge’ and excitation regulation are 
also considered, 


Glass line suspension insulators: N.A. Nickolaev, 
T.D. Andryukhima, V.A. Veseliyi and S.I. Dyakivskii (pp. 
41-46). 


In order to save weight on lomg distance transmission, the Lvov Poly- 
technical Institute has envolved two types of glass insulator PS-4.5 
and PS-8.5 with an hourly electromechanical test load of 4.5 and 8.5 
tons at 50 kV and 50 c/s which are now in use on 35 to 220 kV lines, 
The oxide content of the glass is given in detail: sid, 72.9%, Al 0, 
1.9%, Fe.0, 0.1%, CaO 7.6%, MgO 3.7% and Na.0 13.4%. Mechanical 
strength is imparted by a special] toughening process whereby the 
tensions in the glass are uniformly distributed (650°C). The design 
of the insulators is described and their method of production. Proper- 
ties and characteristics are described (with photographs). 


The electric circuits of a three phase shunted are: 
I.T. Zherdav (pp. 46-53). 


A theoretical investigation is made by means of equivalent networks 
into the phenomena in an electric ironmaking furnace. A detailed study 
is made of the electrical circuit of a three phase shunted arc. Atten- 
tion is paid to the combustion of one, two and three arcs in the cir- 
cuit of a three phase shunted arc. The presence of an arc discharge is 
established together with the presence of charge materials currents, 
The reduced magnitude of the displacement voltage of the neutral of the 
furnace compared with the same voltage of a three phase open arc shows 
that the additional resistance in the circuit of each arc must be taken 
into account in the equivalent network, 


Abstracts 


On caleulating electromechanical transients in an induction 
motor synchronous generator set whose machines are of con- 
parable rating: Ta.B. Kadymov and M.M. Rasulov (pp. 57-60). 


The author expounds an approximate but practical method of calculating 
electromechanical transients when starting an induction motor of normal 
design from a synchronous generator of commensurate power, provided 
with a device for forcing excitation. Similar assumptions are made to 
those underlying the usual calculation of starting from a network of 
infinite power, so that the transient powers can be calculated accord- 
ing to the static characteristics of electrica] machines. An example 
is given. 


An asynchronous micro-motor with hollow rotor at an anomalous 
frequency: L.I. Stolov (pp. 61-63). 


A study is made of the relationship between supply voltage and frequen- 
cy at a fixed electromagnetic starting movement for an asynchronous 
fractional horse power motor with a hollow non-magnetic rotor which 
possesses relatively large stator and rotor impedances and a very smal] 
inductive resistance of rotor dispersion. It is mathematually estab- 
lished that voltage increases as frequency is considerably reduced, 
Good agreement has been obtained with experimental data, 


The equivalent circuit and exact circle diagram for a reac- 
tive synchronous machine; 0.B. Pevzner (pp. 64-68). 


The author generalizes the equivalent circuit for a reactive synchro- 
nous motor and describes an accurate circle diagram constructed by 
methods widely adopted in design practice for asynchronous machines, 
The proposed method is claimed to be simpler than that proposed by 
C.H. Croose and makes it possible to calculate losses in the steel, 
The equivalent network may be T or L shaped, 


A statistical method for basing the voltage accepted in 
testing the rupturing capacity of circuit breakers: 
V.V. Kaplan, V.M. Neshatyr and V.L. Ivanov (pp. 69-73). 


The results are given of tests carried out in 1958 to 1959 in the 
Leningrad Polytechnical Institute to verify the possibility of propor- 
tionally calculating the tripping capacity of the individual elements 
of the circuit breakers as a whole independently of the character of 
the capacitive distribution of the voltage. Objective comparison of 
the operation of the arc extinction elements was possible when the 
probability curves of non-extinction of the arc were compared, the 
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problem then being reduced to the evaluation of the parameters of the 
normal distribution from the experimentally determined frequencies, 


Heating of current conductors in electric apparatus: 
A.M. Zalesskii, M.B. Moiseev and E.G. Popova (pp. 73-78). 


The results are given of an investigation carried out in the Kalinin 
Polytechnical Institute in Leningrad into the heating of the live parts 
of electrical gear in order to further the development of high voltage 
apparatus capable of passing 11 to 12 kA is required by the 7-year 
plan, At 6 to 12 kA and over, the use of box-section conductors is 
advocated with flanges turned inwards, Box-section 405 mm square and 
walls 6 mm thick had considerable heat reserve, at I = 12 kA Silver 
contacts are recommended. A nomogram is proposed for determining the 
section sizes in advance. 
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Accounting for network losses in determining optimum power 
system operating conditions: N.A. Melnikov (pp. 78-82). 


Formulae are proposed for determining the most economic state of power 
system operation in which attention is paid to the problem of voltage 
regulation and the distribution of the reactive loads, 


How the capacitance of low voltage networks influences 
safety: G.V. Mindeli (pp. 82-85) 


In insulated neutral systems investigations have shown that the effect 
of the resistance of the network insulation on the current passing 
through a human being when he comes in contact with a live part de- 
creases sharply if the capacitance in the network is more or less con- 
siderable, The use of capacitance compensators is therefore advocated 
in low voltage networks (eg.pits) and attention is drawn to the fact 
that an instrument has been invented to effect compensation automati- 
cally (see Author Cert.No, 113867, Class 2le, 29). 


HOW TO SELECT THE BASIC PARAMETERS OF 
EXCITATION SYSTEMS FOR 
SELF-EXCITED SYNCHRONOUS GENERATORS* 


D.V. VILESOV and I.A. RIABININ 
Leningrad 
(Received 1 September 1959) 


In recent years a number of papers have been published in connexion 
with investigations into methods of self-excitation for synchronous 1960 
generators (SSG). The purpose of these investigations has been to 
select the optimum excitation system for generators which have to 
satisfy definite conditions (mainly voltage stability). however, owing 
to the obscurity of the processes taking place in various excitation 
systems nobody has as yet taken a good look at the various excitation 
systems to find which are to be preferred and how their parameters 
should be calculated, (1 and 2]. 


The possibility of producing roughly the same SSG voltage regulation 
characteristics even though the parameters of the excitation system 
vary within rather wide limits [1] has determined the various approach- 
es to the design of the main elements in the system as compact as 


possible _3/ or else the starting point for the calculation has been 
the condition that initia] self-excitation be assured, or finally the 
parameters have been based on accumulated design experience [4). 


The latter method of choosing the parameters should be discarded in 
the project stage owing to the obscure position as regards the con- 
ditions for producing the recommended relationships and the methods to 
be used, The aspiration to ensure initial self-excitation in auto- 
nomous generator installations by providing additional supply sources 
for the sake of reliability warrants the conclusion that the first 
method of determining the parameters is the most rational. 


The present article wi]] show how to determine the main parameters 


* Blektrichestvo, “0.3, 20-24, 1960 


Basic parameters of excitation systems 


of the basic elements in SSG excitation systems theoretically as a 
function of the generator characteristics in such a way that the 
generator voltage is stabilized and that the output of the main element 
is kept at the lowest possible level consonant with high compactness of 
the system as a whole, In the article a study is only made of one of 
numerous possible versions of the SSG excitation system (Fig. 14); 
namely, a phase compounding scheme with summation of the currents pro- 
portional to the voltage and current in the main generator circuit. 

Use may however be made of the results obtained for any other version 


of the excitation system. 


160 


Principal and equivalent circuits for SSG excitation. 


Structure of SSG circuit 


The structure and parameters o! the converter elements in the 
excitation system should ensure: (a) matching of the voltages and 
currents in the stator and rotor circuits, (b) correspondence between 


111 
I U 
we Ss 
SG TV 
AA 
f 2s 
“cea 
i “e 
Uy 
fF 
a) 
“ty “av Z I, Je 
rv A W 
if 
b) 
r 
z & 
I 
7 
i sc 
; - j 
il 
c) d) 
ric. 1. 


Basic parameters of excitation systems 


the magnitude of the load regulating signa] and the regulation charac- 


teristics of the generator. 


Use is made of a rectifier (#) to match the currents. Provision is 
and currents by voltage and current 


transformers ¥ and 7¢). In certain systems the voltage and current 
in the form of “excitation transformers”. 


made for matchin le voltages 


transformers are combined 


The stated matching elements are essential. However their presence 
is not enough to emsure that ye system is capable of producing the 
necessary load regulation signal. The system should incorporate an 

which wil] soften the external] characteristic at the output of 
the transformers depending on which version of the excitation 
is adopted, This element in Fig.1 is the choke ((). 
the no load state the excitation winding of the generator (we) is 
plied along the circuit generator terminals, voltage transformer 
TV, ballast resistance (sometimes called compounding in SSG systems) 
In the presence of load current 7], the excitation 
additional supply from the stator circuit of the 


current transformer TC. Thus the supply to the ex- 


and rectifier 
win 


ling obtains an 
generator via the 
citation winding of the generator (voltage uy) is provided by two as it 


were independent s.c. sources, In steady state conditions one of the 


a voltage of constant magnitude and conditionally con- 


sources ensures 
with constant voltage SV), whilst the other source 


stant phase (source 
ensures a current of constant amplitude and phase (source with constant 
The amplitude and phase of the latter vary as a function 


current SC). 
No account is taken of the varia- 


of generator operating conditions, 


tions in the amplitude of the voltage from the first source (SV) which 


are in practice small. 
If no current is present in the stator circuit (J = 0) the source SC 
load excitation voltage of the generator, The 


should provide the no 
source SC should also provide an increase in the excitation current t, 


as the load on the generator appears and increases. 


The steady state conditions for the supply of the excitation winding 


from the stator circuit is conventionally examined by means of the 


equivalent circuit shown in Fig. 1b, 


Suppose for purposes of greater simplicity that transformers TV and 
TC are ideal, i.e, that there is no leakage and no losses (214+ Fay 
_ 0) In this the characteris- 
rigid’ no matter what the values of 
and 


and equal zero; 2, 
tics of both transformers will be ‘* 
and and there wil] be proportional] relationships U, 

, the coefficients of trans- 
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formation of the voltage and current transformers. 


If we ignore the distortions in the shape of the voltage and current 
curves due to the rectifiers it is easy to produce an expression for 

the current I, in the resistance, the equivalent excitation winding we 
and the rectifier R in the adopted equivalent circuit: 


(1) 


I, 


The main parameters and conditions for 
determining them 


The design of any version of the SSG system requires that the main 
parameters be determined; namely, hes k. and z (more precisely, +r). 


The generator voltage can be kept extremely stable in steady state 
conditions if its regulation characteristics i, = f(I) when in excita- 
tion current described by (1). An actual] system of SSG with a saturated 
magnetic circuit as the object of load variation can only work in two 
states in which the deviation of the voltage from the desired (rated) 
value is zero. Compounded generators are usually so tuned that the 
voltage deviations in no load and rated conditions are zero, In order 
that this be observed it is necessary that the curve described by (1) 

at cos # vated should pass through points A and RB (Fig.2). For the 
sake of convenience in further calculations, substitute the equivalent 
requirement that the curve described by (1) at cos ¢= 0 should pass 
through points A and C (Fig.2), having the ordinates ty, and i,, 

(l- 


Fig. 2. Regulation characteristics for synchronous generators. 
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Basic parameters of excitation system 


The compactness of the elements in the excitation system for the 
generator in question is determined by the dimensions of the current 
and voltage transformers and the choke. The maximum compactness of 
the first three elements, whose dimensions depend on the magnitudes of 
rk. k. and x, is ensured when the sum of the apparent outputs S is 
minimum. In the case in question, rectifier A is excluded from our 
consideration since its dimensions depend on the value of the current 


t+ rated and voltage Uy oo, respectively under rated and forced opera- 
ting conditions. 


Thus the optimum values of the main parameters of the system rk, k. 
and x should be chosen in such a way as to ensure that the fol lowing 
conditions are satisfied: 


i,==1,. when U = land/ = 0; 


[x 


i, (1 X,) when U=1; /=landcos 9 = 0; (3) 


S(k, X) = minimum. 


It should be mentioned that condition (4) does not affect the 
accuracy with which the voltage is maintained in the presence of phase 
compounding of non-saturated non-salient-pole generators with loads 
different from rated load and in no load conditions, 


Resistance, equivalent excitation winding 
connected via the rectifier 


In the circuit shown in Pig. Ib and formula (1) use is made of resis- 
tance z_, equivalent to the excitation winding connected via the recti- 
fier. The calculation of the parameters of the SSG excitation system 
requires that the equivalent resistance z, be determined by means of 
quantities which are usually known for the excitation winding (resis- 
tance and reactance r, and x,) and the rectifier (resistance to forward 
“direct” current r es The difficulty in calculating z, from the 


values of the resistance (r,) and reactance (z,) in the excitation 

winding and also from the rectifier’s (r¢.) to the forward current is 
connected with the fact that the magnitudes of the rectifier coef fici- 
ents necessary for the calculation 


i, 
ly re ly 


are non-linear functions of the relationship between the resistances 
and reactances of the excitation circuits and, consequently, the para- 
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meter x which is liable to determination and the shape of current and 
voltage curves of the supply source, 


Set up the expression for the equivalent resist ance assuming that 
coefficients B, and B,, are known. 


First note that the current in the excitation winding is almost 
constant owing to the inequality* ry €%% (without pulsation), whilst 
the power consumed in the excitation winding is purely active. Hence 
it can be assumed that the total equivalent resistance of the excita- 
tion winding and rectifier on the d.c. side r equals 


= 


and that this resistance on the s.c. side is also active, i.e. z, =r, 
(Fig. 1c). The magnitude of r;,. can be a first approximation be ascer- 
tained from the values of U,; and I, in conditions when Jm = 1 and cos 

= 0. The magnitude of rte is stated more precisely in the following 
after the selection of coefficient ky has been made. 


In accordance with the system shown in Fig. 1c, the equation for 
calculating the equivalent resistance in the no load state r has the 
e 
form: 


since U, and i, 
If the initial condition of the SSG system is assumed to be short 
circuited (Fig. 1d), there is a different expression for equivalent 


resistance: 
(5a) 


In expressions (5) and (5a) coefficients § , 8, and5,, 3, are deter- 
mined at a sinusoida] voltage or current from the supply sources SV and 


* For example, t? = (400 to 700) rf in the case of MS type generators 
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SC respectively. 


In conditions other than no load and short circuit conditions there 
will be an intermediate value of the equivalent resistance r,. 


The authors’ calculation of the coefficients BY and B. for differ- 


r 
ent ratios of = (Fig. 3), which has been confirmed by =f =). 


In the case of actual ratios of a. , the magnitude of “a lies within 
r 


the range 
(0,6 — 0,9) r. 
(6) 


When designing SSG in practice, use is made of values of Lf which 
are close to = 0.64r, since B = 1.42 and B* = 2,22 in the system 
in Fig.ld. 


Pig. 3. Dependence of the rectifier coefficients B, and B. 
on the relationship between the ballast resistance and the 
load resistance of the rectifier. 


As the normal conditions for the operation of SSG are intermediate, 
its average value may be used as the theoretical magnitude, roughly 
equa] to 


(6a) 


0. 


Fundamental theoretical magnitudes 


In accordance with (1) and (2) the following expression is true for 
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the equivalent circuit in Fig. le 


re + x? le 


where x= 7r,, and the magnitude of B. is determined by means of 
Fig. 3. 


Equations (1) and (3) for the same circuit enable the condition to 


be set up 
x 


in which coefficient B. satisfies the inequality B. 
=0,5 (8 4-3,") = 0,58, +.0,71. 

It is assumed that the quantities r,, *, ty and iy in formula (7) 
and (8) and below are expressed in relative units. 


The magnitude of the apparent power of the voltage transformer and 
choke under no load conditions in the SSG system (S,, and S,.), which 
fundamentally determine the dimensions of these elements, are calculated 
from the formulae 


(9) 


where 


The theoretical magnitude of the apparent power of the current 
transformer Ste in operating conditions, determined by condition (3), 
equals 


= Us. rated Io rated ™ kore(l - %q) 


or, paying attention to (8), 
| 
Ste P(i+x,)x,V (10) 


Knowing Ss,, 5S, and S»., set up the expression for the sum of the 
rated values of the apparent outputs of the elements in the ac. 
circuits of the SSG excitation system: 


aS +S = +x, (I X4) I+ (11) 


(8) 
9 
= 
P x fzve 
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where a is the coefficient taking into account the difference in the 
specific weights ( — ) of the transformers and the elements used as 
a 


the ballast resistances. In the circuit under consideration where the 


ballast resistance is the choke, 0.7 Cc @ 40.9. 


The minimum of the function S( 7), determined by (11), gives the 
optimum value of 7= 7opt, It is impossible to produce an accurate 
analytical expression for 7 opt’ The use of an approximate formula may 
therefore be recommended 


x 
opt. 
e (12) 
opt 


Fig.4 shows the curves ofS, Sy. = 5 + S. and S,. as a function 


te 
of » for values of "= 1.8 and = 0.83. 


t 


Expression (12), unlike the methods of calculation in (3) and (4), 1960 


gives a ratio of ~~ which as a first approximation ensures that the 


system is as compact as possible and that it can still] be regulated 


satisfactorily. 


Pig. 4. MNependance of the apparent power of the elements in 
the excitation system on the parameter 


Using expressions (12) or (11), (6a), (7) and (8) and knowing the 
parameters of the generator, it is easy to determine the main parameters 
of the SSG excitation system for the initia] conditions assumed, 
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If hk. *lork, -1, it is possible to avoid using voltage or 
current transformers. The results of calculations from (12) should be 
corrected in this case, 


In particular, if k, is almost unity according to the calculation, 
it is recommended that a version of the system without 7V be considered, 
Here condition (7) degenerates into the equality rk. = 1, whilst ex- 
pression (12) assumes the form 


} ; 
x,-+ 
opt 0.962 
by virtue of the fact that So, * 0. 


The preliminary choice of the rationa] relationship between the 
voltages and currents in the rotor and stator circuits can avoid the 
use of one or another matching element and achieves a considerable 
reduction in the weight and dimensions of the scheme, This idea has 
been successfully realized in the ES - 52 - 4 type generator made by 


Armelektrozavod, 


Besides the states corresponding to points A and C in Fig.2, a 
steady short circuit state may also be adopted, This makes it possible 
to design the current transformer with greater precision with the 
saturation of its magnetic circuit taken into account, 


The proposed method takes no account of elements in the system for 
regulating deviation. In this case the use of receivers as jescribed 
in (4) may be recommended, 


Example. Using the derived relationships, calculate as an example 
the fundamenta] parameters of an SSG phase compounding system based on 


an SG — 84 - 4 type synchronous generator having the following rated 
data QOkVA, 24kW, 400V, 43.2A, 1500 rev/min, 
10.5A 


From formula (12), assuming @ = 0.83, determine 


opt 


(2) To calculate r it is necessary to know the resistance 
rectifier to the forward current rte 7 ye calculate 
method in (5). In the present case r,. 4 Then r = 
1.3 - 0.6 = 1.9 @ (in relative wits 


(3) From formula (6a) tind 
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(4) Calculate the magnitude of the ba]last resistance in accordance 
with (12): 
= fe = 141-0.252 0.355 ( or 1.89 2). 


x 0.355 
(5) Using the curve ) on Fig.3 for —— 0,985 deter- 
mine 


= 1.26. 
(6) From expression (7) determine 


2 10.5 
V i+ = 0.083, 


(7) Calculate the average value of the coefficient B. from the 
formula 
1960 
1.34, 


(8) From expression (8) determine 


0.4. 


When the parameters of the scheme have been found, the excitation 
current under rated load conditions ] d in accordance with (1) and 
when Z = jx is equa] to 


f.rate 


c 
+; 
v 


l 2——xsin ( 
+ Ry Ry 4 


0.40 acc 0.40-0.355 \2 
= 2.45/),. 


The value of this quantity, calculated from the usua] relationships 
for non-salient-pole synchronous generators, is practically the same 


‘rated ‘rated *a 
V1 +2-1.8-0.6 + 2.53i,,, 
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This demonstrates that condition (3) can be used to ascertain k. 


Translated by Blunn 
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HOW THE RATING OF D.C. MACHINES VARIES WITH 
AMBIENT TEMPERATURE AND ALTITUDE* 


N.A. PANFILOV 
“Moscow 
(Received 10 October 1959) 


The evaluation of the influence of ambient temperature and altitude 
on the output of electrical] machines is becoming of special] importance 
in view of the widespread use of various modified versions of totally 
enclosed and tropical] machines, 


In order to evaluate the extent of the influence of the factors in 
question, Berger (1) proposed a number of graphica] relationships which 
make it possible to determine the percentage variation in the output of 
electrical] machines as a function of the parameters of the surrounding 
atmosphere. When plotting these relationships it was demonstrated that 
the heat losses of the machine in the no load state J Pio amount to 
about 30% of the heat losses appropriate to rated load & "ko 


In the case of d.c. machines of the totally enclosed and protected 
type this assumption is quite rudimentary since, depending on the speed 
of rotation, the permissible temperature rises in the windings, the 
system of cooling and the electromagnetic parameters, the heat losses 
in the no load state can vary within wide limits. Thus, for example, 
according to test data for P-series experimental d.c. machines, it has 
been established that the following relationship exists between the 
heat losses in the no load state and on rated load 


(a) for protected type machines: 


=P (0.15 te O0O.60)EP. , 
(0,15 te 0,6 


(b) for totally enclosed machines: 


= (0,25 200,75) EP 
h.o 


hr 


* Elektrichestvo, NO.3, 30-33, 1960. 
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In this connexion, it is expedient to develop a more accurate method 
of evaluating the influence of ambient temperature and altitude on the 
output of d.c, machines, An increase in ambient temperature is equiva- 
lent to a reduction in the permissible increase in the machine’s 
winding temperature, Asa result, the outputof the machine should vary. 


0 


Pig. 1. Temperature rises in the windings of d.c. machines 
on change of ambient temperature. 


In the case of d.c. machines in general, the excitation current 
corresponding to the rated operating characteristics is held constant, 
whilst the losses in the copper of parallel excitation windings vary in 
proportion (1-a@6,), where @ is the electrical temperature coeffici- 
ent and 0, the overheating of the parallel] excitation windings. 


with a change in ambient temperature the current in the parallel 
excitation winding i, (or m.m.f.F,) should be held constant since 
oppositely the speed of the machine will vary when operating in the 
motor state, whereas it is the voltage at its terminals which varies 
when operating in the generator state. The analysis of the influence 
of ambient temperature and altitude can therefore be expediently made 
on the supposition that: 


i ==const or F ,=const. (3) 


It is thus necessary to consider two aspects of the problem namely, 
(a) the effect of the parameters of the surrounding medium on the out- 
put of d,c, machines depending on the level to which the armature 
winding is heated; (b) verification of the temperature rise in the 
parallel] excitation winding when condition (3) is satisfied. 
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If the temperature of the parallel] excitation winding exceeds the 
permissible limit, then the appropriate measures should be taken to 
reduce losses or increase the permissible overheating. The overheating 
of the windings of the additional] poles 0 and the series excitation 
windings 0, in the case in question cannot be taken into account since 
of all the windings in the armature circuit the hottest is usually the 
armature winding (in correctly designed d.c. machines), For the analy- 
sis use is made of the temperature rise characteristics given in Fig. 1. 


6 =f (P..): (4) 


where 6. is the temperature rise in the winding under consideration 
and P_, the losses in the armature copper, 

Assume that the initial ambient temperature increased by At. Then 
the losses in the copper of the parallel] excitation winding, correspon- 
ding to the given losses in the copper of the armature, can be expres- 
sed in the following form: 


where P_. corresponds to t = t, - At; 


Pee corresponds to t = ¢t 


Taking (5) into account and the relationships introduced in (Ref, 2), 
it can be shown that the temperature rise at each point of the paralle] 
excitation winding characteristic, corresponding to the given losses in 


the armature copper, increases by 


Af 
Ah P= (6) 


where A and F are the thermal conductances of the air inside the machine 
and the parallel excitation winding (2). Given the same losses in the 
armature copper the temperature rise of the air inside the machine 


increases by 
air es (7) 
Taking into account what has been said above, expressions (6) and (7) 


can be transformed as follows: 


Ab | const, (8) 
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At 
= = const. 
air eser (1 + A (9) 


-Qonsequently, when ambient temperature changes by + At the char- 
acteristics of the temperature rise in the winding circuit of the 
armature are displaced parallel] to each other in the direction of the 
axis of the ordinate by + 46s (equation 9), whilst the analogous 
characteristic of the parallel excitation winding is shifted by + A 6. 
(equation 8), (see Fig.1). 


It follows from 8 and 9 that if use is made of the initial charac- 
teristic when = t,, to calculate the output correspon- 
ding to ambient temperature t, + At, then the theoretical permissible 
temperature rise, 0... , 2 Mt should be reduced (when At>0) or 
increased (when 4t <0) by the magnitude of 46 


6’ -=(A4t+A6), (10) 
per per.r air 
in other words, the temperature rise in the windings should be increased 


or decreased by 


Ab’ = (At + Ab (11) 


When changing from one ambient temperature to another and if there 
is a corresponding change in the output of the machine, the temperature 
of the windings in the armature circuit remains constant, It is there- 
fore possible to assume approximately that 


+=, (12) 
i 


where 7 and r, are the efficiency and resistance of the armature wind- 


ing when t = ¢,; N’ and r', are the same, but when t = t, + At. 


r 


Carrying out a number of transformations and taking Fig.1 and 
equation (12) into account, it can be shown that the output of the 
machine P.. corresponding to the ambient temperature t, + At, can be 
determined from the formula 


(13) 


when P. and 9 ver , are the output of the machine and the permissible 
" temperature rise in the armature winding in 
initial conditions; 


— 
125 4 
dt + 
air 
per.r a0 
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when 9 20 is the increase in temperature in the armature winding in no 


load conditions, 


In order to determine the magnitude of 0 0 use may be made of 
experimental] relationships 6 0 = f(D,), plotted on the basis of test 
results for P-series machines (Pigs.2 and 3). 

Finally, it is necessary to verify the temperature rise in the 
paralle] excitation windings. 


It can be shown (2. that: 


(14) 


where Fon the armature copper in initial] conditions, 
1960 


Pee 15 the impedance of the armature circuit, 


Average values of 8 of P-series protected-type 
machines. 


The losses in the copper of the parallel] excitation winding (in %), 
relative to tota] heat losses, depends mainly on the dimensions of the 
machine and the speed « rotation, (the greater the speed and larger 
the size of the machine the smalle his magnitude). In the case of 


totally enclosed and protected type machines with an output between 0, 2 


and 150-200 kW in rated conditions 


P ce 5 
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Average values of 0 of P-series totally enclosed 
air-cooled machines. 


Fig. 3. 


Taking (15) into account, evaluate the limits of displacement of the 


= f(P 4) when ambient temperature changes, Assume that ambient 
temperature has increased by 40°C (from 15 to 55°) and that the permis- 
sible temperature rise of the windings is g0°c, Then, in accordance 
with (5) the losses in the copper of the paralle] excitation winding 
increase relative to the initial conditions by approximately 12 per 
cent, whilst the temperature of the air inside the machine (see equation 


9) increases by (2.4 to 0.6) per cent. 


Since it is always true that 


the percentage shift of the winding characteristics for the armature 


circuit will be still less. 
Consequently, the shift o e characteristics for the temperature 

armature circuit when ambient temperature 

and then 


rise in the windings of t 
changes can be ignored with a sufficient degree of accuracy 


equation (13) maybe written in the forn 


The amount of displacement of the characteristics for the temperature 
rise in the paralle] excitation winding is more substantial. In fact, 
according to equations (8) and (9) 

ab 


Cia 20 | 
n 
é 
D 
100 30 Ok 220 
at 
(16) 
per.r “sO 
ait 
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Since it is always true that 4 then A is several times greater 
than air’ 
displacement of the 0. = f Vou characteristic relative to the rated 
condition when ¢ = ¢,, since the amount of this displacement can in some 
cases reach about 10 to 15 relative to the initial rated data. 
Consequently, when calculating the output of a machine in connection 


It is therefore impossible to ignore the amount of 


with an increase in ambient temperature, it 15 in many cases impossible 
to judge the heating of the parallel excitation winding according to the 
initial @, = f (P.,) characteristic without taking its displacement into 


account in accordance with (8). 


—- 


-at 


Pig. 4. Relationship P.. = ff At) for protected-type machines 
(2) and totally enclosed machines (1) (both air-cooled) 


In order to verify the temperature rise in the parallel] excitation 
winding taking (8) into account, use May be made of the equation 


a-At l 


obtained from equation (14) with (8) and (16) taken into account, 


when calculating the output of a machine in connexion with a reduc- 
tion in ambient temperature (4+¢ <0), no verification of the tempera 
ture rise in a paralle] excitation winding can be made since the 
0, = f(P. a characteristic always slopes more than the characteristic 
of the hottest winding in the armature circuit, whilst the magnitude of 
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displacement of the 40, characteristic (8) becomes negative, There- 


fore, if when @... O ner. then with a reduction in ten- 


perature and an increase in output it is always true that 


i) f 
< per’ 


In the case of totally enclosed machines 6 00 is usually considerably 
greater than in the case of the protected types (see Figs.2 and 3). 
Therefore the increase in ambient temperature affects the reduction in 
output of totally enclosed machines to a greater extent than protected 
machines, For purposes of illustration Fig.4 presents the P. = f( J t) 
relationship, One curve applies to enclosed machines and the other to 
the protected design. The calculation is made in accordance with (16). 
The temperature rise 9 oo corresponds to D,=185 mm; = 1500 rev/min 
in accordance with Figs.2 and 3. 


960 In order to ascertain the effect of altitude on the output of d.c. 


machines, use was made of the recommendations of GOST 183-55 and VDE 
0530/7. x 55. 


If the machine is over 1000 m above sea level] the maximum increase 
in winding temperature independently of the class of insulation, de- 

creases by 0.5° per 100 m above 1000 m provided that ambient tempera 
ture does not exceed 35°C in accordance with GOST 183-55 or 40°C in 

accordance with VDE 0530/7 x 55 and the recommendations of MEK. Then 
the output of ad.c, machine with an increase in ambient temperature 
and altitude can be ascertained in the following way: 


14 st h — 1 000 
(18) 
P,=P,, 


and the increase in the temperature of the parallel excitation winding 
from 


1 000 
100 


s.r 
1 OOU 
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According to GOST 183-55 the effect of altitude on output is ignored 
when h <1000 m, It is shown in GOST 183-55 that the rated data of 
electrical machines (output, voltage, current etc) apply to machine 
operating conditions at ambient temperatures up to + 35°C, At ambient 
temperatures up to 35°C GOST 183-55 specifies that for class A insula- 
ting materials the maximum permissible temperature rise in the windings 
be kept the same as at 35°C, but for more heat resistant insulating 
materials it should be increased correspondingly to the reduction in 
temperature, but not by more than 10°C, 


In Russian conditions the ambient temperature on site varies @m 
average between +15 to #35°C. Consequently, if the machine operates at 
the rated output corresponding to 35°C then the windings will in many 
cases be under-heated by 10 to °c. This signifies that the actual 
output provided by totally enclosed machines may be considerably 
different from rated output. 


If follows from (16) that ambient temperature has a greater effect 
on the output of a d.c, machine the lower the permissible temperature 
rise in the windings. Totally enclosed dc. machines with class A 
insulation therefore frequently have excess capacity on site (when 
ambient temperature is low GOST generally provides for no increase in 
output). 


For example, in the case of totally enclosed air-cooled machines 
running at a speed n = 1500 rev min, the temperature rise in the 
armature windings in the no load state Oo = (10 to 40)°C. If the 
machine is insulated with class A materials, then at an ambient tem- 
perature of t = 15°c, its output from (16) will be 


P,=(1,17 — 1,34)P,,. 


where P, corresponds to output at 35°C. 


Consequently, at an ambient temperature of t = 15°C the output of 
the stated machines can on average be increased by 17 to 34% (relative 


to rated output). 


In the case of totally enclosed machines with speeds over 1500 
rev/min, the output reserve is still higher at an ambient temperature 
of ¢t = 15°C and in a number of cases reaches 40 to 50 per cent. Here, 
as has already been shown, the temperature rise in the parallel] exci- 
tation winding will] be below the permissible level, The rated output 
of totally enclosed d.c, machines and in the first instance that of 
high-speed machines with natural cooling can therefore be expediently 
given as a function of ambient temperature, For purposes of simplifi- 
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cation, just two or three temperatures can be fixed (15 and 35 or 15, 
25 and 35°C), with appropriate rated outputs indicated in the machine 
certificate. 


The proposed recommendations can be expediently extended to al] 
totally enclosed d,c, machines independently of the class of insulation 
of the windings, The recommendations made in sect, 22 GOST 183-55 in 
reference to totally enclosed d.c, machines are clearly inadequate. 


Conclusions 


(1) In order to calculate the output of d.c. machines when ambient 
temperature and altitude vary itis enough toknow the risein the armature 
windingin the no load state (see equations 16 and19). This can be ascer- 
tained by tests or from the curves in Figs.2 and 3. 


(2) It follows from equations (16) and (19) and Figs,2 and 3 that 
changes in ambient temperature and altitude have a greater effect on 
permissible output the worse the cooling conditions, the higher the 
speed of rotation and the larger the dimensions of the machine, 


Translated by O,M. Blunn 
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ELECTRO-MAGNETIC PHENOMENA IN FLAT 
INDUCTION PUMPS FOR MOLTEN METALS* 


OKHREMENKO 
Leningrad 
(Received 14 August 1959) 


Electromagnetic pumps for molten metals have been employed in nuclear 

reactors with metallic heat carriers and may also be used in metal lur- 

gical and foundry production, Flat linear induction pumps are now very 1960 
promising because of their simplicity in design, the possibility of 

supplying them from conventional] three phase current sources and other 

considerations. The design of such pumps is schematically represented a hie 
in Fig. 1. 


The three phase winding 2, disposed on stator core l, creates a 
travelling magnetic field which induces currents in the molten meta] 
caught in neck 3. The pressure and movement ol! the meta] in the direc- 
tion of the x axis causes interaction between the travelling wave and 
the currents induced in the metal. 


Pumps of this type have a number of special features compared with 
conventional type induction motors: 


1. Large air gaps,up to several centimeters in large pumps, determine 
smal] inductions in the gap, increased elect romagnetic loads for the 
inductor and large leakage fluxes, If the layer of molten metal is of 
a considerable thickness it is necessary to consider the demagnetization 
action of the currents in the metal. 


main magnetic flux by fluxes from the side, end and reverse surfaces of 
the inductor leads to the appearance of a pulsating field besides the 
travelling magnetic field, Such an effect, (‘the longitudinal edge 
effect”) has been studied in reference to electric motors in no load 
conditions (1). Methods have also been developed for the compensation 


2 The open state of the magnetic circuit and the shunting of the 
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of the pulsating fields (9 and 10). 


3. The end width of the layer of molten metal] in the direction of 
the y axis causes components of current density to appear in the direc- 
tion of the x axis (Fig.2). These components are analogous to the 
currents at the front of electrica] machines and take no part in the 
creation of useful forces. The elongation of the current line leads to 
a reduction in the useful current component in the direction of the y 
axis and to a considerable reduction in pressure, This phenomenon is 
known as the transverse edge effect and is observed in pumps which do 
not have longitudinal short circuiting bus-bars. Analytical (12) and 
experimental (5 and 7) investigations have been made into this effect 
for the case of a flat field in an air gap. 


Electromagnetic pumps are still] a young branch of engineering and 
theory has as yet to be developed. A number of investigations into 
electromagnetic pumps have been made in the U.S.S.R. at the Physics 
Institute of the Academy of Science in Latvia under the direction of 
Kirko and Tyutin (2-8). Vol’ dek has made a considerable contribution 
to the theory of this type of machine (9-12). However, a large number 
of questions remain unexamined including: the calculation of the com- 
bined effect of the transverse and longitudinal edge effects and the 
de-magnetizing action of the currents in the meta] on the loss of power 
and reduction in the pressure developed by the pump; the determination 
of the equivalent parameters of the secondary circuit etc. These works 
have not examined such questions in full. Neither were they linked by 
a single theory, Thus one-dimensional or two-dimensional problems were 
investigated and not three-dimensional problems, The present article 
makes an attempt to generalize the examination of electro-magnetic 
phenomena in flat pumps taking into account the transverse and longi- 
tudinal edge effects and the demagnetizing influence of the currents in 
the metal. The aim is to establish expressions for the pressure devel- 
oped by the pump, the power loss and the equivalent parameters of the 
secondary circuit. 
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Fig. 1. Induction pump arrangement. 
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Pig. 2. Distribution of the currents induced in the molten 
metal. 


Fundamental equations and their solution 


The solution of the stated problems entails finding the vectors for 
the intensity of the electrical] field E = Fy (x, y, 2 t) and the 
magnetic induction B = F.. (x, y, z, t) which characterize the resultant 
electromagnetic field in the region of the molten meta] provided that 
the norma] component of magnetic induction is given on the surface of 


the inductor. 


Make the following assumptions: (1) the magnetic permeability of 
the inductor stee] is infinitely large whilst its surface is slotted; 
(2) the thickness of the layer of molten metal] 6 equals the size of the 
air gap A: (3) the inductor winding only creates the basic mm, f. 
harmonic; (4) the weakening of the magnetic field at the edges of the 
inductor compared with its value in the mid-part of the inductor can be 


1960 


ignored, 


Given the turbulent flow conditions which are fundamental] to induc- 
tion pumps, considerable equal] ization occurs between the mean velocities 
across the channel] section, whilst the large speed gradients only exist 
in a thin boundary layer (7 and 8). We can therefore assume for our 
purpose that the speed of flow is constant across the entire section of 
the channel]. The enumerated assumptions are either close to reality or 
can be dropped later by introducing appropriate corrections 


The Maxwell] system of equations for slowly moving live isotropic 
media can be written in the following form (8): 


3 E = 3(E* -+-|vB)); 
rot B= »,3; 


4B. 
rot = 
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div B= 0; (1d) 
div (le) 
(1f) 


where 8, B, B* andW are the respective vectors of current density, 
magnetic induction and intensity of the electri- 
cal and magnetic fields in the region of the 
molten metal; 
is the ‘‘ effective’’ intensity of the electri- 
cal field creating the conductance current; 


is the rate of flow of the metal; 


60 is its electrical conductance; 
== (H/m). 


Exclude 6 and B from the first three equations in set (1), con- 
sidering the conductance constant. Here we obtain 


OB 
( rot|vB (2a) 


at 


In the case of a non-compressible fluid for which div vw = o, consider- 
ing that v= .* const and div B = 0, equation (2a) can be transformed 
into 


Mmalogously, it can be found from (1a) that 


oB 


rotE Sx): 


Equations (2b) and (2c) constitute a solvable system of equations, 


The normal component of magnetic induction for the case when the air 
gap is of the order of several centimeters whilst the magnetic circuit 
is unsaturated, can be expressed in the following form (10): 


B. = B, sin (wt— ax) sin wf, 


N 
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kB. 


is the amplitude of induction in the travelling wave on the 
surface of the inductor; 
is the frequency; 
is the pole pitch; 
is the number of pairs of poles 
is the ratio of the magnetic conductance of the shunting 
sections of the magnetic circuit to the magnetic conductance 


of the active zone in the air gap. 


The quantities k. and A, can easily be determined from test data 
(10). The first term in equation (3) determines the normal field 
travelling in the direction of the «x axis (Fig.1), whilst the second 
term determines the pulsating field caused by the open state of the 
magnetic circuit. If the rectangular induction wave is disposed along 
the s axis in a fourier series according to the cosines with a period 
equal to twice the length of the inductor 2! and only its basic harmonic 
is considered, then equation (3) can be expressed as follows in complex 


form 


B, + 8, + BL 
cm 


B 


< m 


In equation (4) the pulsating field is in the form of the sum of two 
travelling fields: direct By and reverse By, whilst vy equals 


a 


2px (5) 


Note that the synchronous speeds v. and wv.) for adjusting fields B, 
and By are different: 


‘ 


c 


The distribution of induction RB, in the direction of the y axis cap 
also be described by a harmonic series with a period equa] to twice the 
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width of the inductor 2a: 


By) — sin y (awl, 5...) (7) 


| 


For the time being let us only take the first harmonic in equation 


account. In this case the normal induction component on the 


(7) into 


surface of the inductor 1s: 


B,+-B,+B,, (8) 


B sin 


5 
1)? kB sin 
m 


5 af + 


equations (2b) and (2c), let us make use 
and consider the effect of each of the 
Assuming that all 


In view of the linearity of 
of the superposition principle 
three induction components (9) to (11) separately. 
the electrical and magnetic magnitudes vary sinusoidally through time, 
First find the components of the 


let us utilize the symbolic method, 
“effective” intensity of the electrical field E, and magnetic induction 
unknown 


R_ caused by the existence only of a basic field (9). The 2 
and B, will be found in the form 

EB, == (12a) 


(12b) 


B,=B 


ax) 


y.zye 


mo | 


are re-written as follows: 


In complex form, equations (2a) and (2c) 


B, =p2(joB, — javBy) = ju (13a) 


( 13b) 


rot = — josB,, 
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where 


at’ 2f< 


(13c) 


When the set of equations (13) has been solved, find the expressions 


for the components E., and Bo along the x, y and z axes (solution given 
in appendix 1): 


E j cos By-ch yze’' (14) 
x(a? +S)chy 5 


Sin By-ch ze’ (15) 


4ay . (or ax) 
B. j ,sin Sy-sh yze’' (17) 
(a® + §*) ch y 
B cos 3y-sh ze 
b (18) 


r(a?+p)chy > 


4B 
B. sin By-ch yze’ (19) 


In these equations: 


) : | (2 §*)* +- (a° 3°) 


The current density components will] equal 


6, = (23) 


The weakening of the norma] induction component in the middle of the 
layer of metal 8B. Bi. in comparison with its value on the sur- 
face of the inductor is characterized by the relationship: 
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E 
E.,.=9; (16) 
xch 2 
B=—; (20) 
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By 2 
_ ey ‘ch 9b + cos $6 


The pressure developed by the pump 


Average pressure can be defined as 
Po (25) 


is the average value of the e.mf. along the « axis through 
time; 
. is the cross section of the pump neck. 
Force Fy is determined by the equation 


F. 


B. | dy dz, 


where B,, is a complex conjugate with complex B,,. 


Substituting Ee and B as into equation (27) and performing integra- 
tion, the following expression can be produced for the pressure caused 
by the basic wave of the travelling field: 


ky, ( 28) 


In equation (28) P,; is the idea] value of the pressure developed by 
the pump in the absence of transverse and longitudinal edge effects and 
the de-magnetizing action of the eddy currents induced in the metal; 
ke is the coefficient of weaking taking into account the reduction in 
pressure due to the transverse edge effect; k. is the screening factor 
taking into account the decrease in pressure owing to the de-magnetiz- 
ing action of the currents in the molten meta] (‘‘ armature reaction’’). 
In the MKSA system: 


P, = [n m? |. 29) 


139 
60 6 | 
l > Dp ( 26) 
| 9 Re | |dy d 
: 
@ J — 
Thus 
a 2 
7 
¥ 


Electro-magnetic phenomena 


If all the quantities are expressed in the SGS ft, system and pressure 


in kg/cm-, then 


Pi 


If account is 


following express1 


weakening 


harmonic 


Therefore, 
limit ci 
bars are present 
screening factors 


and instead 


low meta] 
"7 @ ji. 
series standing l! 


obtained by Vi 


Ul’ manis 


1,02 3/sis- | ke on* 


f spatial] harmor 


produced for pres 


lecreases 


series (7 


quation by the first 
an infinitely wide channel 


lepend on order of the 


series have 


(29°) 


(30) 


pumps without short-circuiting bus-bars, 


term If 
(a =o), the 


harmonic 


makening factor is 
which determines 


the special case of 


supposed that 


sformations fror 
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taken OME ics of the series (7), the 
sure 
Po ws *s T *w"s aan 
- 
The GE: factor damm sharply with an increase in the order oe 
of the in the . ES). For example 
ae 
] 
the case Of 
r ¢ ] se 
do not 
Py=R_p., (33) 
i 
that is, without a transverse edge effect the a. 
unity, and not 0.81 as follows from formula (30 : 
for the main harmonic in series (7). Note that in —_ (ai‘m 
and frequency, when it can be 
i un be produced by simple transi the 
brackets in expression (32) for the weakening factor 
(12. formula 19). J 
rimon? relat «} nr the tude 
Gms 5) experimentally produced a relationship f I agn i tude 
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k<\, inverse to the weakening factor k, 


k, I+C (=). 


where C is the multiplier depending on frequency. 


Relationship 


from Ul’manis’ tests at 50 c/s; 
calculated from formula (34); 0 — points calculated 
from formula (30). 


The values of this multiplier for the various frequencies are not 
given, but it is assumed to be unity for 50 c/s. The selected formula 
(34) turned out quite close to formula (30). The curve ky 


(Fig. 3), calculated from formula (30), coincides exactly with the 
experimental curve produced by Ul’ manis, This confirms the validity of 


the theoretica] relationships produced, 


The power transmitted to the molten metal 


In order to detetmine the apparent power S transmitted to the metal, 


it is necessary to calculate the flow of the Poynting vector P through 


the closed surface of the pump neck. Since the components of the 
vector P are zero on all the planes of the neck except the plane 


= t-), it is enough to determine this vector on the surface z 


and then calculate the double value of the flow of this vector across 
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the surface in question: 


dy P,-+ IQ, (26) 


Here Pe and @, are the active and reactive power transmitted to the 
metal with the existence of the basic wave of the travelling field 
alone (9). The performance of the operations determined by formulae 


(35) and (36) will produce the magnitude of active power 


where k. and &, are determined by formulae (30) and (31) whilst P,; in 
the ideal value of active power transmitted to the meta] in the absence 
of the transverse edge effect and the demagnetizing action of the eddy 


currents. In the SGS syster 1960 


where V = ab! is the volume of the metal; 


v, = 2fre is the rate of slip. 


The reactive power can be determined in the same way: 


sh 4 sin +d) 


petwsd (ch + Cos 


The active power transmitted to the meta] can be presented as a 
known relationship 


r,, 


where a is the number of phases for the inductor, 


E, and I are the phase e.m.f. of the inductor and the secondary 
current applied to the stator; 


rs is the resistance of the meta] on the stator; 


y. is the angle of shift between Ey and I». 
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The following expression can be obtained from equality (41): 


k 


nV 2mw,k, 
When determining ]< it was supposed that 
E,=2yp/ 
where » and ha are the number of successively connected turns in the 


phase of the stator winding and the winding factor, 


and that 
P, 


sh + ¢ sin 


cos %, 


60 + &)(ch* gb — cos* 


Using equations (41) and (42) we obtain: 


Pamgws(} sh gb + ¢ sin 


Rid (9? + (ch s 


The inductive resistance of the molten metal is 


r 
sP, 2 sh + sin $b) 


The longitudinal edge effect in 
the secondary circuit 


Until the present time the influence of the longitudina] edge effect 
on the pressure of the pump was only taken into account by empirical 
coefficients (5 and 6), whilst the power losses caused by this effect 
were not considered, It is therefore o! practica] interest to deter- 
mine the necessary relationships To do this it is necessary to find 
the components of the vectors for the intensity of the electrical and 
magnetic fields in the metal caused by inductances By and B.. 


First determine slip Sy and S., caused by the fields By and Bo. Sub- 
stituting + vy in place of a in equality (13c) we find: 


(46) 
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The expressions obtained di 


(47) 


which obtain in induction motors when a pulsating field appears, This 


difference is explained by the fact that the pulsating field which 


arises for example when the phase is broken in an induction motor, has 


the same number of poles as a rotating field. In the case of machines 


with an open magnetic circuit the pulsating field under consideration 
has a different character, As regards it and its components B, and &., 
the inductor is one pole | = 2 pT in length, This determines the 


difference in the synchronous speeds of movement of waves Bo and B, and 


their slips, 


The slips which have been defined in accordance with equalities (46) 
with magnitudes S = 0.35 to 0.8 are close to unity in induction pumps 


and are all practically the same, especially when the number of poles 1960 


is large. This has a favourable effect on pressure, but considerable 


power losses occur from the pulsating field. Since the boundary con- 
ditions remain as before, the unknown quantities for the intensity of 
the electrical field and magnetic induction and their arguments can be 


produced from equations (14) to (22) by substituting 


for + for a and S, and S, for Ss. For example the component 
caused by induction B,. will equal : 


Sy 


wf—vx) 


sin Sy ch y,e 


Pressure Py caused by the direct travelling wave By is produced by 
an 


substituting the values Evy and Bay into equation (27 


S 


0,656 


is the weakening factor for the pressure caused by the inductance B,. 
whilst k. is determined from formula (31) with Sy substituted for S, 


1 
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for and for The magnitude of p,; is determined from forn- 
ula (29). The pressure caused by the reverse travelling wave for 


induction Bo, will equal: 


p — Ra (50) 


Since So > S}, the reverse travelling wave will fade to a greater 
extent with a change in the co-ordinate :z than the direct field. 
Therefore the resulting pressure caused by the pulsating field will be 
negative. Since Sy and S» are close, then on calculation of the resul- 
ting pressure it can be supposed that hey ms ko. In this case the 
counter-pressure caused by the longitudinal] edge effect wil] equal 


s 2 


It is deduced from comparison of formulae (30) and (49) that the 


transverse edge effect wil] weaken counter-pressure to a considerably 
If there is no transverse edge 


greater extent than useful pressure, 
effect counter-pressure increases and the full pressure which can be 


developed by the pump becomes equal to 


(ack, ky D, (52) 


If good conducting bus-bars are present along the faces of the 


channel] it is necessary to put ky = hay = 1 into equation (52). 


The use of equations (35) and (36) make it possible to produce the 
following expressions for output transmitted to the metal because of 


the pulsating field B, + B.: 


In these equations it is supposed that key ~k oo and k 01 ~* sQ2- 


The total outputs transmitted to the secondary circuit by the basic 
and pulsating fields are determined by the relationships: 


P=P,+P,; Q=+9,: 


(55) 


145 
/9 2 2 
2 pk. I—s (53) 
Po=(—*) [1+ | 
9 2 a; 
2 pk, 
4 1+ 2p | ‘54) 
| 


146 Electro-magnetic phenomena 


The secondary current applied and the resistance with or without the 
presence of the longitudinal edge effect are found on the basis of 
equality (41) when P, therein is replaced by P. 


Conclusion 


The proposed problems can be considered solved. The method and 
results can also be used for solving analogous problems in the field of 


electrical machines, 


Appendix II compares experimental data obt ained from (Ref. 7) witl 
pressure and output calculated from formulae (28) to (31) and (37) to 
98). The theoretical quantities are in satisfactory agreement (with 

accuracy of up to 5 to 15 per cent). 


jppendix I. Solution of a system of equations (13). It is required 


to solve the set of equations: 


By = (Al) 

rot pues ( A2) 
After transformation we have 

= (43) 


Substitution of equation (12a) into equation (43) gives 


where 
(A5) 
Solving equation (A4) by dividing the variables we find expressions 


for the — components along the x, y and z axes, 


20 
= (A, cos by + B, sin $y) (C, ch y24D, sh yz); (A6) 
Ey = (Aq cos By + By sin By) (Cy ch + Dy sh 12); (A7) 
E = (A, cos BY + B, sin By) (C, ch 12 + D, sh zz). (A8) 


The parameters B and Y are connected with A by the relationship 


(A9) 


and determined together with the integration constants A, B, C and D. 
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To do this use is made of the following limiting conditions: 


(1). The current density component on the surface of the metal 


is determined by the 


rio 


normal to it when y = 0, y = a and z = % 


expression: 


(A 10) 
(2). When z = 0, the tangential induction components are zero: 


0; BY. = 0. (A11) 


Viz 


(3). On the surface of the meta] when z = + $ the normal induc- 
tion component is continuous and equal] to its value on the surface of 


the inductor, which can be determined by equation (9). 


It follows directly from an examination of the limiting conditions 


(A10) that E = 0; 4, = 9 sinbBy (cor | 


mz0 


As we are limited by the examination of only the first harmonic 
inequation (7), we suppose that n= 1. From the two values of B 
(positive and negative), in view of the presence of arbitrary constants 
in equations (6) and (A7) it is enough to take the positive alone. 


Therefore 


Supposing in equation (A7) that A, = 0 and denoting B, C, = M, and 


By Ds = No, we obtain 
E nyo (M,ch yz + Nz sh yz) sin By. 
In order to determine mw, and N, let us use conditions (All). First 
find the induction component of the resulting field along the x axis 


from equation (A2): 


mx0 ws 02 


iy 
= (M: sh yz + Nz ch yz) sin By. 


Utilizing equations (All) we find that N 


My sin By ch ( A13) 


E w 


+ 
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— M, sin By sh y2e! (wt 


It follows from the law of the continuity of the current div F - 0, that 


herefore 


My, cos pych {ze 


Determine 


aws M, cus py sh yze! 


Ox oy ) 


a* + 
= oi (at—ax) 
M, sin By ch 


Using the third limiting condition find the constant Mo: 
dawsB,, 
M, 
(a? + chy 
The parameter Y is found from relationship (A9): 


1 V at + + jugows ¢ + 


\} (a* -+- +- +- (a* + 


LV + PY + — (a? 


Appendix II. Comparison of experimental and theoretical 
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The test data (7) characterize the turbulent flow of mercury under the 
action of a travelling magnetic field in a model of an infinitely long 
channel] where there is no longitudinal edge effect. Oompare test res- 
ults with theory. From Ref.7, for example, test No.3 gives a = 8.4 cm, 
b = 0.775 cm, T= 9,87 cm, f = 50 c/s and kA = 2.90. 


Using the relationships in Figs. 3 and 4 in reference to test No, 3 
we find that the effective value of induction R = 245 G (B? = 6 x 
x 104¢2) is produced at a pressure of p = 8.18 x 10° dyn/cm? and 
average speed v = 33 ay sec, 


Calculate slip from equality (13c): 


2-50-9.87—: 


60 and the consumption of metal per second 


abv —8.4-0.775-33 = 215 em®/sec. 


We assume the conductance of the mercury equal tc 
1,015-10* 1/ ohm. cm. 
The length of the channel 
| <= 2pt = 4-9,.87 = 39.5 
The volume of metal in the channel 
= abl —8.4-0,775-39.5 = 257 


Dividing equality (37) by equality (28) we have 


Po 


Ss 
Po 


Consequently, the power transmitted to the molten meta] during the 
experiment is 


AY 
Py = “10-7 = 8-18-10? X 


U Yob 
) 5.00 W. 


i 0.966 


The weakening factor is found from formula (30): 


is a 
— 33 
— =(.966 
2/7 
0.8 | 0 5 l 
k 0,342. 
w : oi * 
/ 
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Calculate the necessary quantities to determine ¥ 


Substituting these quantities into equations (2) and (22 


cm, 0.0394 |/ em; 


The screening coefficient is found fro#r 


The theoretical value » pressure is calculated in accordance with 


equations and (29) 


The error in the calculation for pressure 


100 


The theoretical] value of the output transmitted to the metal from 
equations (37) and (38) will be 


7.0, 964). 12-10*- 1,015 


4.75 W 


The error in the power calculation is 


P 5 
100— . 100 5,08 
I's 5 
The error in the determination of pressure and power loss in tests ’" 
4 and 5 lies within the limits of 15 per cent, 
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sin 4d su 
lay r 
Pe P, (5,15 .63)- 10° 
sp = Pe 10 100 
(2/<sP Bo -10-"* 
t 
< 10°. 257-10 
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Thus, comparison of experimental and theoretical] data is satisfac- 
tory. 


Translated by O.M. Blunn 
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A SCHEME FOR TESTING LARGE 
HIGH VOLTAGE VALVES* 


G.I. POLIAK and V.G. GOLIATIN 
Leningrad 
(Received 14 July 1958) 


One of the greatest difficulties in the solution of d.c. transmission 
problems is the development of large high voltage valves. In this 
connexion it is a matter of prime importance that new valves can only 
be developed if appropriate test schemes are available. Such schemes 
can only fulfil their purpose if the actua] operating conditions of 
the valves can be reproduced both as regards the norma] and fault 
states, 


The “‘ synthetic’’ schemes now in use cannot be regarded as the 
complete answer from this point of view since the power processes 
taking place in their circuits are very far from actual] operating 
conditions. 


The stated schemes comprise two circuits; namely, current and 
voltage circuits. The purpose of the current circuit consists in 
reproducing the necessary magnitude and shape of the current curve, 
whilst the voltage circuit creates the desired rate of increase in the 
magnitude and shape of the voltage for the valve on test, this voltage 
here being applied directly after the basic current has passed through 
zero. The principle underlying the construction of synthetic schemes 
prevents them from doing this, 


The voltage in these schemes can only be applied a little while 
after the current has passed through zero, determined by the recovery 
speed of the controlling properties of the divider valve, The current 
necessary for charging the high voltage capacitor passes through the 
test valve at this moment. To illustrate this, Fig. 1 showsa syn- 


* Elektrichestvo. No.3, 73-74, (1960). 
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synthetic scheme* which operates in the following manner. 


A large current of low voltage is passed through two series- connected 
test valves (1 and 2). The current is switched from valves 1 and 2 to 
an auxiliary low voltage valve 3 at a definite moment before the current 
passes through zero in order to produce a steeper drop in current. 

Valve 5 is opened at the same time. The half-wave of current is passed 
through valve 1 from the oscillating circuit CL_ Cy. The parameters of 
this circuit are so chosen that the duration of the current pulse is 
sufficient to de-ionize valve 2. When valves 1 and 5 are extinguished 
the voltage on capacitor Cy changes sign as a result of overcharging. 
The entire voltage of capacitor Cy is therefore applied to valves 1 and 
2 via auxiliary valve 6. This voltage is reversed in the case of valve 
1 and forward in the case of valve 2; i.e. the first will be tested in 
the rectifier state and the second in the inverter state. 


It is clear from this description that the operating conditions of 
the valves in the converter installation are considerably different from 
the state produced in a similar type of synthetic scheme. In view of 
this it is natura] that research has been carried out to improve these 
schemes, One such scheme is described below. 


Fig. 2 shows the scheme of a test installation in which unlike syn- 
thetic schemes, the voltage which naturally arises in the high voltage 
converter scheme is supplied to the test valve. Thanks to this test 
conditions which are sufficiently close to reality can be produced at 
relatively low outputs in the high voltage circuit. 


The installation comprises threr circuits: a high voltage circuit 
(A) for which use may be made of an experimental d.c. transmission on a 
specially constructed high voltage low output converter bridge; 2a 
current circuit (B) which is the source of the load current for the 


test valve and an oscillating circuit (C). 


Test valve 1 is connected in two circuits: the high voltage circuit 
and current circuit. Currents caused by the two circuits flow through 
it successively. Valve 4 is a divider and is intended to separate the 
high voltage circuit from the current circuit at the time when the 
voltage in the high voltage circuit is applied to the test valve. 


In order that the divider valve should fulfil its purpose its 
strength characteristic should recover completely at the moment when 
the test valve is extinguished. This is possible if the divider valve 
is extinguished before the test valve so that it has the necessary 


* Proposed by V.G. Goliatin, Auth.Cert. No. 103424, dated 6 June 1949. 
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time to recover its controlling properties. If only two circuits are 
present (current and voltage) the scheme under consideration is analo- 
gous to the test scheme for six-phase valves proposed by I.D. Shkolin®*. 
In this scheme the de-ionization of the divider valve was ensured by 
the earlier completion of commutation in the current circuit. In this 
form the scheme with two circuits is unsuitable for testing large high 
voltage valves, since the steepness of the current drop in the test 
valve after ignition of the divider valve, determined only by the 
parameters of the high voltage circuit, is somewhat less than the steep- 
ness of the current drop in norma] operation, 


L, 4 5 bs 


é 


Fig. 2. Test plant with three circuits for large valves. 


As regards the parameters of the voltage circuit, they should be such 
that the high frequency processes taking place on the ignition and 
extinction of the valves are reproduced. From this point of view even 
the existing experimental] d,c, transmission could produce quite satis- 
factory results, 


*auth. Cert. No. 34072, dated 22 October 1932. 
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The addition of an oscillating circuit to the two circuits mentioned 
above makes it possible to reproduce the operating conditions of the 
valve both as regards voltage and current. The oscillating circuit, as 
shown in Fig.2, consists of charge and discharge parts. The capacitor 
C is charged for some of the period via the controllable valve 7 from 
transformer T. When valve 8 opens capacitor C begins to discharge 
through inductance L and valve 4. The discharge is of a periodic 
nature, and thanks to the presence of valves in the discharge circuit, 
it lasts one half-period and has the shape of a pulse. The duration 
and amplitude of the current pulse should be such that the necessary 
time is allowed for the de-ionization of the divider valve to take 
place, In normal conditions with al] the circuits in operation the 
scheme works in the following manner. 


The operating conditions of the current and high voltage circuits 
are so set that commutation is completed in them al] simu] taneously. 
At this time valve 8 is closed. Valve 8 opens at appropriate moment 
of time when the current passing through the test valve is switched in 
the current and high voltage circuits to the next valves in turn. The 
discharge current of capacitance C which arises here flows counter to 
the current in the divider valve 4. This is extinguished before com- 
mutation is finished in the stated circuits and extinguishes the test 
valve 1. Thus the necessary time is ensured for de-ionization of the 
divider valve valve 4 For reliable extinction of valve 8 it is neces- 
sary that the voltage on the capacitor after overcharge be equal to or 
greater than the voltage in the high voltage circuit. 


In order to clarify the principle underlying the extinction of 
divider valve 4, it can be shown by means of the oscillating circuit 
that in the case in question a new commutation circuit is in effect 
formed in which the voltage of the charged capacitor C is commutating 
and there transfers the anode current from the divider valve 4 to the 
auxiliary valve 8. Owing to the large inductance in the load 
circuit of the current circuit the magnitude of the anode current 
remains practically independent of the connexion of the oscillating 


circuit. 


Typical oscillograms of the scheme’s performance are given in Figs. 
3 to 5 to clarify the principle underlying the operation of the scheme, 


Fig.4 presents curves for the current and voltage at the divider 
valve. Voltage curve U, (Fig.4), immediately after the extinction of 
the divider valve, reveals a smal] segment of a curve which represents 
the reverse voltage for de- ionizing the divider valve, The forward 
voltage from the high voltage circuit is applied immediately after it. 
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The rate at which the anode voltage increases and the oscillation 
processes which take place when the test valve is extinguished may vary 
slightly if the moment is altered at which the discharge pulse is com- 
pleted. However, al] that has been said above refers in equal measure 
to tests on valves in the inverter state. 


fs. 3. Current and voltage 
curves on test valve. 1960 


Fig. 4. Current and voltage 
curves on divider valve. 


Currents in test and 
divider valves. 


The scheme under consideration makes it possible to test valves not 
only in norma] conditions but also in the presence of faults provided 
that grid contro] is appropriately fulfilled so that a fault in the 
high voltage circuit would automatically cause a synthetic fault state 
in the current circuit. 

Tranelated by O,M, Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO NO. 3, 1960 


Using electronic analogue computers for studying transients 
in electric systems: I.A. Gruzdev and M.L. Levinshtein. 


(pp 1-14). 


A study is made of the possibilities of a certain type of mathematical 
modelling using computers and an attempt is made to elucidate those 
specific features which arise when solving power system problems. After 
considering the main elements of the machines and the conditions which 
they must satisfy the authors quote examples of the use of analogue 
computers, It is shown that these machines cannot be used for all 
likely problems, Their most rational] field of application is considered 
to be where there is wide variation in the parameters of the elements of 
the system and its non-linear characteristics when the scheme itself is 
not very complex. He stresses the need for improving the elements of 
these machines and the elaboration of more rational] methods of solving 
equations and, especially equations in partial] derivatives. It is held 
to be equally important to analyse the stability of structural] solution 
schemes containing many linear and non-linear deciding elements, 29 


960 


References, 


A high-speed differential relay protection using semiconduc- 
tors: G.T. Grek. (pp 14-20). 


A study is made of differential protection on rectified currents with 
electrical] braking from the aperiodic component of the differentia] 
current and reacting devices in the form of d.c, relays (polarized or 
moving coil) which can be connected either to the output from a com- 
parison scheme direct or via ad.,c. amplifier. Such protection can be 
given in such a way that a number of the parameters will be better 
than thecorresponding parameters ofdifferential protection with 
magnetic braking. Here protection can begiven with one reacting 

device forthree phase objects. Selectivity,high speed operation and 
sensitivity are assured. The use ofd.c. sensitive relays asthe re- 
acting device connected directly orvia an amplifier tothe semicon- 
ductors makes its possible to reduce protection requirements. 
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Approximate account of additional hydro-electric generator 
torque components in appraising transmission system transient 


stability: G.B. Chernikov. (pp 25-29) 


A mathematica] study is made of pulsating rotating moments (braking) on 
the shaft of a synchronous machine and their effect. In the presence 
of comparatively ‘‘ close’’ short circuits it is considered necessary to 
take this braking action into account in calculations for dynamic 
stability of transmission with particular reference to the Lenin Volga 


hydro-electric station, 


Magnetic flux distribution and the commutating field in 
machines having all or half the commutating poles: 
1.Z. Ageev. (pp 38-43) 


machines operating in a greatly weakened field the main field is 1960 
lethened because of the longit 
the asymmetry the an f les the 
commutating sections and th le ! } th erating 
characteristics. Besides f } the ge ] theory of addition- 
a detailed stud; e 1 tic flux distribution 
in systems with al] r hal > number of additional] (conmmutating) 
poles and a method is given for determining the additional] poles and 
plotting the resulting and commutating fields with an increased 


number of poles, 


Determining the optimum dimensions of a transformer: 
P. Kyul’ ovskii and Kh. khukushev. (pp 43-48) 


A more practica] method is proposed ‘termining the optimum 
limensions of a transfor ! i t tain the desired no load 


current more easily. Given the qual it f the stee] 


in the no load current the ic loads can easily 


and the losses 
let 
be determined for the al lations are based on 
a-phase transformers wit! ir 1 on their cores, 
windings are mcentri itl heigl 1 number 


example of the method is 


Natural oscillations in a coil: L. Genov. (pp 55-59) 


The author begins by reviewing published works dealing with the theory 
in transfor importance of free oscilla- 
pose q for il ilating 


ixwel] 


inductance 
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ven. 
the frequency of free oscillations in coils wit! tee] cores, ma 
equations being used t alculate the mutua]) Samm betwee the 
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tums analytically, The distribution of the current along the length 
of the coil is taken into account when calculating the magnetic field 


in the ‘‘ window’’ of the core, 


A three-wire supply scheme for trolley buses: 
V.E. Rosenfel’ d, V.N. Popelyash and A.G. Smirnov. 
(pp 60-64) 

The author appraises the efficiency of the three conductor power supply 


System for trolley buses on the basis of three years research in the 
of *‘ Electrical Transport’’, the Yoscow Power Institute 


Kaluga faculty 
and the ‘** Giprokamrundortrans” Institute, Extensive tables are given 
which show that the three-conductor system is far superior to the two- 


conductor system, 


Calculating rail circuits when accounting for station tracks: 
D.B. Lomazov. (pp 64-67) 


The presence of station tracks on electrified railway lines leads to 


the reduction of transient resistance from rails to earth, an increase 
resistance of the whole rail- 


in stray currents and a reduction in the 
way circuit. In order to make the calculations, this heterogeneous 
rail circuit is replaced by an equivalent circuit-cel] scheme and the 
analytical calculation compared with experimental] data. It is recon- 
mended that the laying of additional] rai] ‘‘ threads’’ in the inter- 
increase in stray currents 


track space be abolished as it leads to an 


and a waste of material. 


Maximum power conditions in a circuit containing a non- 
linear element: M.E. Syrkin. (pp 68-72 


for example a zero sequence current transformer, have 
connected in 


Certain devices, 
to operate in maximum power conditions when the load, 
levice and red from an e.m.f. (current) source, 
in the circuit 


series (parallel) to the 
is such that maximum possible power is generated in it 
e.m.f. and variable load, The 


with the device in qestion at the giver 


characteristic of the device is usually non-linear and a study is made 


ircuits with non-linear elements 


of the maximum power conditions [fn cir 


which are limited by d.c. circuits. eductions are made which are 


containing 
jue to 


approximately true for purely reactive (active) circuits 


sinusoidal] e,mf, or current sources (if the harmonics arising 


the non-linearity of the circuit are ignored). 
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The interdependence of the physical properties of polymers: 
N.I. Vorob’ ev. (pp 75-76) 


Mm attempt is made to establish a relationship between certain physical 
properties of polymers; namely, the relationships between density and 
‘“slassing’ temperature, the modulus of elasticity and “* glassing”’ 
temperature and the coefficient of linear expansion and ‘‘ glassing’’ 
temperature. The majority of physical properties here depend on inter- 
molecular forces which also determine the field of application of the 
polymers, 


Errors of galvonometers in integrating: L.A. Biber. 
(pp 77-81) 


An investigation has been made at the All-Union Electrical] power 
scientific-research Institute into reactions to impulses and the errors 
of ‘‘ integrating’’ galvonometers under the influence of high and low 
frequency pulses of different shape. An attempt is made to establish 
the conditions which ‘‘ integrating’’ galvonometers must satisfy for the 
correct reproduction of pulse processes, 


Improving the traction characteristics of a.c. electromag- 


nets: P.M. Vaisburd. (pp 82-83) 


In order to change the drawing characteristic of an electromagnet with- 
out altering the design of the magnet, the author describes three ways 
of improving the drawing characteristics of a,c. electromagnets: by 
increasing the supply voltage, rectifying the supply current and the 
use of ferro-resonance, 
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ELEKTRICHESTVO No.4 1960 


Lenin and all-out electrification of the U.S.S.R: 
I.A. Syromiatnikov. (pp 1-6) 


The paper relates Lenin’s plans for the electrification of the U.QSR. 
and briefly traces the development of electrification in the U.SS.R. 
from 1917 to the present time. The long term plans for the next 20 
years are also considered, These do not necessarily exclude the devel- 
opment of atomic power stations, The article is in commeroration of 
Lenin’s birthday 90 years ago. 


60 


A method for investigating dynamic stability on analogue 
computers: V.S. Tarasov, A.I. Vazhnov, IU.V. Rakitskii, 


V.V. Popop and L.N. Semenova. (pp 7-12). 


A method is proposed for using an LPI computer for investigating tran- 
sient processes in two synchronous machines operating in parallel] with 
a network of infinite power via concentrated resistances, It is 
assumed that the effect of the active resistance of the stator circuits 
and the transient processes caused by this resistance can be ignored, 
The study is made of non-salient pole synchronous machines having a 
rotor with two symmetrical windings along the d and q axes, a non- 
saturated magnetic circuit and variable excitation, The author advo- 
cates the design of specialized analogue computers, 


Electronic excitation for machines in the main drive of 
reversing rolling mills: M.Ja. Pistrak and L.M. Balabuevy. 


(pp 13-20). 


A study is made of the use of ionic converters instead of dynamoelec- 
tric amplifiers for the excitation of d.c. machines in connection with 
the development of control] systems for the drives of blooming and 

slabbing mills, It is claimed that industrial service has demonstrated 
the advantages of the ionic converters as described, 


‘ 
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A low-inertia motor drive for excavators: M.I. Kraitsberg, 
D.A. Kaminskaya and V.P. Lomakin. (pp 26-30) 


Owing to the frequent shock loads encountered when the bucket strikes 
an immovable obstacle the authors describe a generator-motor drive 
system with dynamoelectric control incorporating continuous voltage and 
current feedbacks with cut-off and a stabilizing transformer, Provision 
is made for two-stage extinction of the generator magnetic field when 
the command controller is set in the zero position. A special] feature 
additiona] resistance which is connected in series with the 
generator excitation winding in order to reduce the electromagnetic 
time constant of the generator. Stabilization is increased by a ballast 
resistance connected in paralle] with the armature of the amplifier, 
It is claimed that the proposed scheme prolongs service life, reduces 
the number of breakdowns, and though costly, is more efficient. A 


smaller transmission ratio is advocated, 


Calculating a.c. machine transients using frequency charac- 
teristics: E.Ia. Kazovskii. (pp 30-37) 


The mathematicai relationships underlying the use of frequency methods 
for the theory of synchronous machines are given, Frequency charac- 
teristics are defined as the experimentally determined dependence of 
the mean stator current on the slip of the rotor for a non-excited 150 
vW turbo-generator of 3000 rev/min connected to a power network as a 
motor, Such relationships have been produced in the All-Union Elec- 
trical Engineering Institute. A study is only made of the case of 
stator symmetry. Only transient processes are considered at a constant 
speed, no account being taken of machine saturation, Jethods are 
proposed for determining the frequency characteristics according to 
transient processes and using the frequency characteristic in the event 
of a three phase short circuit id for the case when the machine is 
connected to the network, 


The differential equations for a synchronous generator in 
transient stability studies on analogue computers: 


B.N. Kagan and E.L. Urman. (pp 37-42) 


A study is made of use of automatic digital computers (ATSVW type). 
An improvement is quired 1 the mathematical description of transient 
processes in syncnrol ] machines and other power system elements as 


well as the develo of new methods of investigation, The results 


are given olf an inve 1 with a digital compute 


elucidate the effe 
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’s induced in the stator windings etc. ). 


system transformer e.m, f. 


Special performance characteristics of heavily loaded trans- 
mission lines: G.M. Sekhniashvili. (pp. 42-46) 


A method is proposed for investigating the conditions of heavily loaded 
transmission lines which can reveal the physica] state of the lines and 
solve problems connected with the establishment of optimum operating 
conditions, that discovery of cheap methods of improving conditions and 
the determination of the requirements as regards automatic equipment. 
The method takes into account the active resistance of the transmission 


line conductors, 


The error and applicability of formulae for specific per- 
meances: B.K. Bul’. (pp. 51-57) 


The accuracy with which a magnetic circuit with an air gap can be 
calculated mainly depends on the accuracy with which the permeance of 
the field of “* swelling’’ can be determined, This is often impossible 
as the field is three-dimensional. mM investigation has therefore been 
made into the flux between the side surfaces of the poles with differ 
ent gaps. The permeance due to field ‘‘ swelling’’ is held to be depen- 
dent on the ratio of the pole width to the size of the gap. The limits 
are given within which the Evershed, Roters, Cramp and Colderwood, 
Finnis and Slivinskii formulae are valid. The ‘‘Forb” and Schmidel 


formulae are not recommended. 


The ‘‘ near-cathode strength’’ of the a.c. are is then 
studied. Extinction of an open arc. A.S. Maikopar. 


(pp. 64-69) 


In order to avoid disconnecting the fault section when an open arc is 
formed due for instance to mechanical damage to cables, a study is made 
of the conditions for independent arc extinction. Difficulties arise 
however due to the tendency for the discharge colum to turn into a 
spiral, After reviewing earlier investigations the author describes 
the tests carried out and the investigation made into arcs between 
metallic electrodes corresponding to arcs arising in high voltage equip- 


ment. 


Theory of current and voltage stabilizers. S.D. Dodik. 
(pp. 73-77). 


Current and voltage stabilizers in the presence of smal] changes in 
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current and voltage are represented as a linear multi-pole for which a 
set of equations can be produced, this set of equations being re- 
writable in matrix form, This method of analysis is developed and re- 
lationships produced suitable for investigation into any type of system 
of current and voltage stabilizer. Examples of the calculation arc 
given. 


A new type of small metal-varnish capacitor; V.T. Renne 
(pp. 77-81) 


The widespread use of semiconductor instruments has reduced the voltage 
at which capacitors operate to the order of tens of volts and below so 
that the specific volume of capacitors is reduced because of the 
thinner dielectric. Earlier attempts to use vamished film failed 


since weak points could not be eliminated, An account is given of new 
methods used in Western countries where use is made of a coating in the 
form of very thin layers of meta] (less than 0,1 micron thick) which 
are applied to the surface of the dielectric by vaporization in vacuum, 
In the event of puncture the layer of metal about the weak point melts 
and vaporizes. 
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An aualytical method for determining the dynamics of d.c. 
electro-magnets: A.K. Ter-Akopov (pp. 1-5) 


A study is made of the method of finding a formula for the movement time 
of the armature which would not only take into account the basic 
parameters of the magnet but also make it possible to determine the 
optimum inductance for the minimum time of movement. Experimental] 
investigation was carried out on an E-shaped magnet made of sheet 
electrical steel gauge 0.35 mm, The appropriate measures were taken to 
conform to the theoretical assumptions. Theoretical times were not 
more than 15 to 18% greater than the test values, The existence of an 
optimum production force for the minimum time of movement is estab- 


lished, 


The effect of corona on voltage surges in transmission lines: 


G.N. Aleksandroy (pp. 6-13). 


Formulae are produced illustrating the relationship between the corona 
discharge effect on overvoltages on the one hand and the parameter of 
the line and the transient processes in them on the other, Surges 
under the influence of corona are lower, the greater the amplitude of 
the voltage compared with the initial corona voltage and the smaller 
the radius of the conductors and the equivalent frequency of the tran- 
sient process, 


An improved scheme for exciting the arc in mercury-arc 
valves: V.M. Mantrov. (pp. 13-15) 


In order to reduce the power consumption of the constantly burning 
excitation arc and simplify the excitation system, the author proposes 
a modernized arc excitation system for mercury arc rectifiers, This 
system is diagramatically represented, With positive polarity at the 
auxiliary anode (1) an arc arises between it and the cathode and a 
half-wave of current passes through a reactor. When the current in the 
reactor drops an e,m.f. is induced and anode (2) is ignited. Opnse- 
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quently the second half-period of current in the excitation circuit 
flows at the expense of the power reserved in the reactor. In subse- 
quent periods the current in anode (1) circuit increases at the expense 
of the current of the previous half-period, which also increases with 
the growth of the maximum of current passing through the reactor. 


How economic factors affect the parameters of networks with 
a distributed load: A.A. Derkach and V.M. Sin’ kov 
(pp. 15-22) 


An attempt is made to find a method which would be free of all assump- 
tions or technica] or economic limitations and could be used to solve 
equations linking the various forms of expenditure on the equipment and 
operations of electrica] networks in order to ascertain the optimm 
radii at 1 to 3 degrees of voltage, the voltage losses at each degree 
of voltage and the economic current density. 


Electromagnetic pumps for molten metals: A.I. Voldek 
(pp. 22-28) 


The paper surveys the method and theory of electromagnetic pump design 
particularly in view of their growing value for nuclear reactors. 
Distinguishing conduction and induction pumps the author describes and 
discusses d.c, pumps, single phase a.c. pumps, cylindrical] linear 
induction pumps, spira] induction pumps with rotating inductors and 
refers to other types of electromagnetic “ pressure pumps”’ and mixers, 


Variable-polarity excitation of synchronous condensers for 
reactive power consumption performance: N.I. Sokolov 


(pp. 28-31). 


The reactive power of a synchronous machine depends on the excitation 
current or the e.m.f. proportiona] to it for a synchronous resistance, 
the voltage at the terminals and angle of rotor shift (g) relative to 
voltage. After considering the operating conditions of compensators 
when 820. the author considers the regulation of a synchronous con- 
pensator under angles of rotor shift when 5 #4 0 by a simple regulator 
under the conditions of reactive power consumption. The utilization of 
synchronous compensators is increased by 30 to 604%. 


Excitation systems for variable-frequeucy induction motors: 
A.T. Goloven and I.M. Kruglianskii (pp. 31-36). 


As no method has as yet been published for selecting the circuit and 
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calculating the parameters of synchronous self-exciting machines work- 
ing as variable frequency generators, and the possibility of regulating 
frequency without switching the capacitor has stil] to be elucidated, 
the chair of Electrical Equipment for Industrial Undertakings at the 
Moscow Power Institute has made a special] study of these problems, It 
is claimed that smooth frequency variation can be produced over a wide 
range. Generator efficiency is increased at low frequencies by lower- 
ing the speed of the drive motor. Capacitors for the excitation of 

1.7 kW machines is 450 to 500 yw F with maximum range of regulation, 

The use of a low frequency machine as generator with a low secondary 


voltage is not advocated. The generator should have a slightly smaller 
active resistance in the rotor winding than the usual] asynchronous 


motor, 


Calculation of commutating flux rise for suddenly applied 
loads: V.A. LIakovenko (pp. 36-39). 


Simplified methods are proposed for calculating the increases in the 
commutation flow based on the fact that the load current of a d.c. 
machine varies very slowly. Good agreement is obtained with experi- 


mentally found values, 


Grid control of mercury are rectifiers by means of half- 
S.S. Roizen (pp. 39-45) 


wave magnetic amplifiers: 


The introduction of such highly productive equipment as reversing 
rolling mills makes special] demands on electrical] drives as regards 
operating speed and control accuracy, The use of a magnetic amplifier 
with an internal] feedback for simultaneously creating a steep front of 
the networks voltage and displacing this front enables a grid contro] 
system to be developed with a delay time which does not exceed several 


periods of the supplying voltage. There is however a limited range of 
variations in the ignition angle and the width of the trigger pulse is 
variable. The single phase scheme is given special] attention, 


Calculation of the commutation reaction magneto-motive force 
in d.c. machines for brush overlapping (sparking) greater 
than unity: V.V. Fetisov (pp. 46-50) 


To calculate the transient states in d.,c. machines and design dynamo- 
lectric amplifiers (amplidynes) it is necessary to calculate the conm- 
mutation reaction of the armature, This is considered very complicated 
owing to the complex physical phenomena of the commutation process, 


other methods the author proposes a method of 


After criticizing various 
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calculation for commutation with brush sparking considerably greater 
than unity which is suitable for usual] values of brush sparking in any 
type of armature winding. Two examples of the method are given. 


On electromagnetic calculations on d.c. machines which 


account for the cooling of their windings: N.A. Panfilov 
(pp. 50-54) 


When the electromagnetic parameters of d.c. machines are selected the 
magnetic flux usually corresponds to the saturated state of the mag- 
netic system and the permissible temperature rise in the windings does 
not always ensure that the output of the machine is optimum, Here the 
author considers the determination of the optimum magnetic flux the 
deciding factor. Criteria are produced for evaluating the output or 
temperature rise in the windings of d.c. machines in which the magnetic 
system is optimum 


Derivation of the integral equations for non-linear circuits 
using operational calculus: M.M. Glinzburg (pp. 54-58) 


The calculation of steady and transient processess in circuits contain- 
ing non-linear elements is facilitated by relating the mathematical 
operations involved in calculating both the linear and non-linear 
elements in the scheme under consideration to the non-linear part of 
the scheme alone. Two examples of the method are given: one example 
applies to the steady state of a valve generator and the other to the 
dynamic stability of a system with three generator stations, 


Calculation of the current in an R-L circuit with half-wave 


rectification: A.I. Glukbarev, L.A. Foigel and N.B. Gelman 
(pp. 58-60). 


In view of the practical difficulties involved in analytically ca]cu- 
lating the mean value of the rectified current when an active inductive 
resistance is present in the circuit for the use of single half-period 
rectification, the authors deduce a simpler analytical dependence of 
the current on the magnitude and relationship between the active resis- 
tance and inductance, The method is directly applicable to long dis- 
tance transmission systems with an inductive converter when the signal 
is registered by a magneto-electric (moving coil) meter (logometer), 


The electrical and physical properties of electrical insu- 
lating materials when subjected to radioactive radiation: 
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Abstracts 


K.A. Vodopianov, B.I. Vorozhtsov, G.I. Potakhova and 
N.1. Ol’ shanskaia (pp. 60-66) 


The experimental data are given of a study of the effect of gamma-rays 
on the electrical and physical characteristics of high polymar dielec- 
silicone-organic and phenoformaldehyde plastics. 


trics, 


Atransistorized d.c. transducer with internal magnetic 
stabilization: M.E. Poiurovskii (pp. 66-70). 


An analysis is made of the performance and design of a converter with 
magnetic stabilization which ensures effective stabilization of the 
output voltage and frequency, The power losses in the feedback cir- 
cuits reduce its efficiency but not significantly. 


Thermo-resistor KMT-14: A.L. Burkin, 0.N. Filippova and 
1.T. Sheftel’ (pp. 71-73) 


An account is given of newly developed Soviet KMT-14 type thermal 
resistances capable of operating at temperatures up to 300°C, 


Designing cooling systems for transistors: S.I. Fedorov 


A mathematical] study is made of additional] heat dissipation in the in- 
dustrial use of triodes. The use of novel radiator shapes other than 
plates is duscussed, The anodizing method of producing ferrous plates 
is advocated in place of varnishes and paints, Lead foil 80 to 100 # 
thick is applied to increase the area of contact between radiator and 
triode. 


Non-linear capacitors using Rochelle salt materials: 
M.M. Nekrasov (pp. 76-79) 


A tertiary Rochelle salt non-linear electrical system is discussed 
which is claimed to combine high dielectric permeability, negative 
capacitive change witn applied voltage and low dielectric losses, 
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A REVERSING SCHEME FOR AUTOMATIC SPEED 
CONTROL USING ELECTROMAGNETIC 
POWDER CLUTCHES* 


T. A. GLAZENKO 


(Leningrad) 


(Received 7 August 1959) 


The linearity of the performance characteristics of electromagnetic 
powder clutches (FPC), low excitation power, the large values of the 
maximum possible accelerations in the system (with a small flywheel 
torque on the driven part of the clutch) and the small size and light 
weight testify to the expediency of using &PC in automatic contro] 


Systems, 


This paper will] introduce certain control schemes and study problems 
connected with the calculation of the static and dynamic characteris- 
using FPC, 


tics for reversing systems of speed contro] 


Operating characteristics and the equation for 
the torque of the EPC 


Powder clutches in follow-up systems and automatic control] systems 
work almost entirely in the state of slip. 


The dependence of the torque on the magnetic flux (or induction) in 
the air gap of the clutch, taken under conditions of relative movement 
of the working surfaces (operating characteristic) is to a certain 
extent rather complicated owing to the mechanical] hysteresis of the 


working mixture, 


If no excitation current is present in the clutch winding on the 
shaft of the executive mechanism, a no load torque M, is transmitted, 
In non-reversing systems of speed control, the zone of insensitivity of 


* Elektrichestvo, No.4, 21-26, 1960. 
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the drive caused by the static resistance moment Nv, on the load shaft 
can be considerably reduced by the appropriate choice of initial current 
in the excitation winding of the powder coupling. In EPC reversing 
systems the choice of clutch, initial current and the appropriate flux 


(@,) can considerably improve the linearity of the relationship mw = f 
(Dp). 


In this case we can assume that 


M= 


where —,; 
is the magnetic flux in the clutch; 


M 


@, the magnetic flux caused by the initial] quiescent current in 
the excitation winding of the coupling. 


1960 
If the coefficient taking into account the extent to which the 


cavity of the clutch is filled with iron is greater than 0.35 and no 
movement of the filler particles takes place between the gaps, the 
variation in torque wil] take place simultaneously with the variation 
in the magnetic flux in the clutch, ‘ 


The increase in voltage at the terminals of the excitation circuit 
of the clutch will be 


dt 
where *y is the number of turns in the excitation winding of the clutch; 
A the coefficient of proportionality between the flux and the 
resulting mm.f. in the excitation winding of the clutch; 
r,, the resistance in the circuit of the excitation winding of the 
clutch; 


The equivalent time constant of the clutch (Ty) can be calculated in 
accordance with Fridlider (1) or determined experimentally from oscil- 
lograms of current variation in the clutch winding. 


Taking expressions 1 and 2 into account, we produce an eqiation for 
the torque transmitted by the EPC reversing block on the driven shaft: 
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The quantity 


measured in kg. cm/V can be called the coefficient of clutch amplifi- 
cation, 


If no additional] resistance is introduced into the clutch circuit, 
then 


is the average length of a turn in the excitation winding of 
the clutch; 


where 


4 the volume of copper in the excitation winding 


Y the specific conductance of the winding material. 


In this the amplification factor of the powder clutch is 


Thus, in order to increase the amplification factor, it is worth- 
while to design the clutch for a comparatively large contro] current, 
a smal] number of turns, the smallest possible average length of turn 
in the excitation winding and the maximum possible magnetic conduc- 
tance in the magnetic circuit, 


Block-diagram of EPC reversing system 


Fig, 1 shows the main circuit for an EPC reversing system for con- 
trolling the speed of rotation of the executive mechanism, 


As is known (2 to 5), the torque of powler clutches does not depend 
on the relative speed of its working surfaces, It is therefore 
necessary to introduce a speed feedback into the system to ensure that 
the speed of the executive mechanism is stable when the static resis- 
tance moment is constant, 


The contro] voltage U, is taken from the master potentiometer and 
compared with the tacho-generator voltage (U,,)> which is proportional 
to the speed of the executive mechanism (w). The difference between 
these voltages (U,) is supplied to the excitation winding of one or 
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another clutch. 


The excitation voltage is switched from the winding of one clutch to 
the winding of another by a relay, electronic ‘‘ keys"’ (swit hes) or 
the installation of two divider diodes in the excitation circuits of 
the EPC The change in polarity or change in phase of the input vol- 


tage (in a.c. systems) can act as the signal] for switching, 


= 
a 1960 


Fig. 1 “ain circuit of reversing equipment with EPC for con- 
trolling the speed of the executive mechanism if - drive 
motor, em itive mechanisn; - d.c. ora.c tachometer 
generator; " and ¥,, - excitation windings in the first and 
second powder clutches 4. general amplifier. 
The excitation winding of the clutch can be connected in the arm of 
the output balance cascade of an amplifier, based on electronic valves 
or semiconductor triodes. In order to reduce losses due to slip in the : 


clutches in the absence of a contro] signal, the output cascades of 
such equipment should be so tuned that the minimum quiescent (rest) 
current is present in the excitation winding of the clutch, 


If this requirement is satisfied the sensitivity of the amplifier 
will often be reduced when the signals are smal], It is therefore some- 
times expedient to provide an additiona] winding in the clutch, connec- 
ted counter to the main winding and neutralizing the magetic flux 
created by the quiescent current in the amplifier scheme, 


If the System is designed for alternating current (vol tages U, and 
U,, vary with the same frequency), then the phase sensitive amplifica- 
tion cascade with the differentially connected load can act as the 
output link, 


| 
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Variation in the relative deviation in the speed of 


dia’ 
the output shaft when o = 0.3 and -—— (0) = 0 


Investigation into a system with abrupt changes in 
the master effect 


The equations for the individual links of a systen with an electronic 


aoplifier have the form 


The steady speed of the output shaft 


is the speed when #. = 0; 
dw, the absolute static control] error, 


The total amplification factor of the system is 
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The moment of the clutch with a speed feedback is 


= RW». 
‘e 
It follows from the set of equations(3) that the variation in the 
speed of the load shaft appropriate to an increment in the resistance 
moment of AM, equals, in operator form: 


A 4M, + 
The electromechanical constant of the block of the powder clutches 
load 


Ir 


Cy A (6) 
is determined by the total moment of inertia applied to the shaft of 
the clutches by the reversible part of the drive, by the parameters of 
the magnetic and electrical circuits of the clutch, (A, My Ty)» by 
the properties of the working mixture (C,), by the coefficient of 
amplification (k,) and by the constant of the tachogenerator (C,). 


Introducing relative units: 


we obtain an equation for the system in the form: 


+e 


dt 


The relative contro] error in the steady state is 


m.. 
W, We 


Passing to relative deviations from the steady speed 


Aw’ = 


we obtain 
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“de ' Ty dt _* 


The roots of the characteristic equation of the system 


Te M 


The coefficient of attenuation %&—=— ; is determined by the time 


constant of the clutch. 
The angle frequency of non-fading fluctuation in the system 


60 
(10) 


If the angle += 8,f in radians is introduced into equation 8 in 
? place of time t as an independent variable, the equation of the system 
will assume the form: 


| 9. dAw' 
Te? it 


Aw’ =0, 


is the extent to which the system is made quiescent (damped). 


The tuning of a quick-acting system of automatic speed control is 
usually carried out in conditions of oscillation damping, i.e. when 


The law of the variation of the relative deviation of speed from its 
steady value is determined by the initial values of the speed Aw’ (\) 


and acceleration _ (0) and depends on the degree of damping (Fig. 2) 


Aw’ Ae “sin (V 3*) (12) 
(0) 
~ sing 
‘(0) —e 
tan 9 = 


177 
(9) 
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In order to reduce the time of the transient process in the system, 


the derivative influence from the signal at the input can be introduced 


/ | 


system with EPC 


the maximum over-regulation, equal to 


Fig. 3. Maximum over-regulation 


On introducing a differentiating element 


At large initial accelerations in the system (in 
missible value of the maximum over-regulation 
usually given) is a factor limiting the decrease in the magnitude of 


It can be shown that the angle T aos = B .t pas’ 


Aw 


corresponding to 
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Conse quently 


Aw Aw’ (0) =) (14) 
sin 
Use may be made of the curves in Fig.3 for convenience in choosing 
the optimum values of k, and o at given initial accelerations and per- 
missible values of over-regulation, 


The operation of the system when a 
sinusoidal voltage is supplied at the input 


y= Use - Sin qt. 
In this case the drive is influenced by two disturbing forces: the sinuw 
sinusoidal voltage of the input signal 


ym 


=sin gt 


and the function of the relative static resistance moment m.(t) which 
periodically varies in sign as the direction of rotation changes 


(Fig. 4). 


The equation of the system in relative units 


a 
4 


sin 


is true when 
where n=O, I, 2,. 


The solution of this equation when a — 0 


In order to reduce the amplitude and phase of the errors in the 
drive, it is necessary that the following conditions be observed 9<B,y 
and o0 = 0.5 to 0.7. 


q 
$ 
q 
160 
3 sin} gt — tan 1 = 
q 
(15) 
Pe, 
g \* |? \? 
ro \ Po j 
4 


Reversing scheme for automatic speed control 


The effect of the resistance moment on to the output shaft consists 
in that the speed of the output shaft ceases to be a sinusoida] function 
of time, since the disturbing effect in this case is a complex periodi- 
ca] function (Fig. 4). 
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Fig. 4 Variations in speed of the output 
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Linear systems of automatic contro] can be calculated with friction 
taken into account by the superposition method, In this case 


where w q is the component of the relative speed of the output shaft 
caused by the action of the controlling voltage and 
w‘s the component of the relative speed of the output shaft due 
to the moment «.(t). 


The angle between the disturbing influences sin qt and =. (t) is de- 
termined on the basis that when qt = $ o 


The drive can be operated in conditions where the output shaft is 
intermittently stopped (Fig. 4a) or run continuously (Pig. 4b). 


The first state obtains in systems with a smal] moment of inertia in 
the reversing part of the drive, a large ". and when the frequencies of 
the controkling signals are low, The delay angle in the movement of 
the output shaft sin”! 


(m_). 


The second state is possible if A . i.e at low values of e. and 
when the frequencies of the input signals are large. Here the distur- 
bing effect of a(t) changes its value instantaneously from - a, to + 
be 


Experimental verification 


An investigation was made into two systems of automatic control with 
EPC, controlled by a.c. and d,c, signals, The reversing unit o! the 
powier clutches (Fig.5) consists of a motor, tachogenerator and two 
electromagnetic powder clutches, The total axial length of the unit is 
203 mm, 

A magneto-electronic amplifier was used in one of the experimental] 
plants. A constant (direct) contro] voltage is supplied to the input 
to the scheme, its polarity being determined by the direction in which 
the shaft of the executive mechanism rotates, In order to make the 
electronic amplifier more quick-acting, a negative voltage feedback was 
introduced at the terminals of the excitation winding of the clutches, 
Divider diodes were connected in the contro] windings of the magnetic 
amplifiers, 


Powder clutches are made with two working layers and the driven part 
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with a smal] moment of inertia in the form of a hollow beaker. The 
excitation windings of the clutches were sectionalized and drawn out on 
to three contact rings. Owing to the presence of the auxiliary winding, 


Pig. 5. Powder clutch wit. 


which is connected counter to the main winding, use could be made of 
single cycle magnetic amplifiers with an interna] feedback which 
possess a relatively high no load current. Here the no load slip 
losses decreased in the clutches, and speed stability was increased 


with smal] signals. The connexion of the auxiliary windings, via 
germanium diodes, was effected in order to exclude the divider trans- 
formers and rectifiers, necessary for supplying them from a network at 
400 c/s. 


Pig. 6. Flectrical (a) and structural (b) schemes of equip- 
ment with an amplifier based on semiconductor instruments: 
SA ~ semiconductor amplifier; FSR - phase sensitive rectifier; PC - powder 
clutch unit; - executive mechanism; AT asynchronous tachometer gener a- 
tor; My, and Mo — excitation windings of EPC. 
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The nominal] moment of the clutches was 14 kg. cm, The time constant of 
the clutch excitation circuit was 0.0075. The moment of inertia of the 
driven part of the drive applied to the shaft of the clutch was 4 g. 
cm, sec*. The moment of static resistance of the load applied to the 
clutch shaft was 0.5 to 2 ke.cm. The range of speed regulation was 

1: 


The investigations showed that intensive forcing of the clutch 


excitation is ensured as a result ie effect of the speed anc 


voltage feedbacks and the high speed action of the system no matter 
what the values of the controlling signal. 
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Fig. 7. Control (a) and mechanical (b) characteristics of the 
system: 
theoretical; ——— experimental. 
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An amplifier based on semiconductor instruments was used in the 
system controlled by alternating voltage (Fig.6). This made it pos- 
sible to reduce the weight of the unit by more than 8 times, 


The speed feedback was effected by an asynchronous tachogenerator 
with an AT-3 type hollow rotor, 


Depending on the phase of the input voltage, the amplified signal 
enters the clutch on the right or left of rotation. The signal is 
divided by a phase sensitive rectifier connected at the output from the 
amplifier. Owing to saturation, the amplifier has non-linear charac- 
teristics, This produces a decrease in the equivalent amplification 
factor if the signals are large and a reduction in the amount of regu- 
lation during reversing. 


The contro] and mechanical characteristics of this system are shown 
in Fig. 7. 


Conclusion 


Tests on a number of experimental] equipments for the purpose of con- 
trolling speed have shown that the use of EPC improves the quality of 
the system, reduces its size and weight, increases operating speed and 
in certain cases improves the power indices, 


Electromagnetic powder clutches may be expediently used in follow-up 
systems and speed contro] systems if the load is inert in character. 
In this case the slip losses in the clutches (7) are negligibly smal]. 
The efficiency of the drive is determined by the losses during tran- 
sient processes. The latter are usually less in plant with electro- 
magnetic clutches than in drives with variable motors, 


Translated by O.M. Blunn 
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AUTOMATIC DEVICE FOR LOAD DISTRIBUTION 
IN POWER SYSTEMS* 


S.V. USOV, G.M. PAVLOV, V.A. SLABIKOV and I.A. BUDKIN 
(Kalinin Polytechnical Institute, Leningrad) 
(Received 19 October 1959) 


The most efficient distribution of active loads between power stations 
in large power systems should take into account losses in the networks, 
The operating conditions for such systems are quite complex and the 
stated distribution of active loads can only be effected by automation 
of the process, To do this, the Kalinin Polytechnical Institute in 
Leningrad has developed a very simple counter-resol ving device with the 
abbreviated name ANRAN (automatic device for the most efficient distri- 


60 


bution of active loads), 


A number of organizations are now developing such-devices, However, 
the special feature of ANRAN is that it solves the problem of load dis- 
tribution and takes into account the losses no matter what the con- 


figuration of the network, 


ANRAN is based on the rule in force in Russian powers systems that 
the partial specific consumptions be equal (1, 


(1) 


i 


A 


whe re 5, = | is the partial specific fuel consumption of station 1; 


the hourly consumption of fuel of station i; 
P. the output of station i. 
If rule 1 is fulfilled load distribution is most economic, 


The correction for losses in the network is introduced by multiply- 


ing the partial specific consumptions by the function 7 = , where 


* Elektrichestvo, No.4, 47-51, 1960. 
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a = __108s are the partial specific losses; Pioss the total 


dP 
1 
losses in the networks, Rule 1 is then written in the following form: 


—. (2) 


Partial specific consumption depends on the characteristics of the 
basic electrical] equipment at the stations and is connected with output 
by an exclusively non-linear relationship which can be called the 
economic characteristic of the station and presented in the following 
form: 


4,=/(P,); 


Relationships 3 have no adequately full mathematical] expression and, 
on solution of 2, they are given in tabular or graphical] form, 


In general form, the partial specific losses are not exclusively 
linear dependencies on the outputs of the stations with the loads of 
the system and their distribution taken into account, Using the method 
proposed by Rosenberg (3) for determining partial specific losses we 
can write 
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are the pre-determined equivalent impedances of 
network; 


where Re): 


‘e? 


the outputs 1, 2 and so forth of the stations; 

the average mains voltage 

the pre-determined coefficients obtained for distri- 
buting loads between stations 1, 2 and so on and n 


stations. 


the loads and outputs of those stations between which 
the loads are not distributed and which are regarded 
as loads with a negative slg, 


the number of loads; 


n the number of power stations, 


In order to determine the coefficients of o from formulae 4 it is 
necessary to have at hand information about the loads of sub-stations 
and the volume of tel emechanical communications with which it can be 
reduced (sic). It is for example only possible to take into account 
loads of large nodal substations, Instead of actual loads use should 
be made of planned values, If there are consumers with similar load 
curves it is possible to measure the load of one of them and ascertain 
the loads of the others from that one, The load of a region may be 
determined as the difference between the total power put into the net- 
work by the power stations in the region and the power transmitted to 
other regions along the main transmission lines. Thus, if use is made 
»f ANRAN no additional channels are required for telemechanical com- 
munications. 


The joint solution of equatious 1 to 4 gives the most efficient dis- 
tribution of active loads with losses in the network taken into account. 
Certain of these equations do not describe sufficiently fully the non- 
linear characteristic Vout f (Uyy)- Solution can be made accurate 
within 2 to 3 per cent. In order to perform the stated task, it was 
therefore decided to use an electronic modelling device with an 
accuracy of 1 to 2%. 


ANRAN may come into operation if the actual frequency of the system 
deviates from its rated value, if the actua] output of the driving 
stations deviates from the desired output or i! the actual output of 
the system deviates from that desired and so forth, The choice of 
which motivating factor is employed depends on the whole purpose of the 
device, 


For the sake of simplicity in exposition, we shall assume that ANRAN 


reacts to the difference between the actual and desired outputs of the 
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power system, The structural] scheme is shown in Fig.1. ANRAN comes 
into operation when a difference in outputs appears at the output to a 
differential device: 


=P, AP 0, 


is the actua] power in the system; 


the sum of the loads of the power stations picked up in 
ANRAN according to the economic characteristics for the 
preceding system state on the condition that 


A disturbance to the output balance testifies to the fact that Sas 
and Pi, inter-connected by exclusive relationships = (1-@,) 
and i). no longer correspond to the new operating conditions 


in the system, 


The signa] +h P from the differentia] device enters the integrating 
element and 6, {A Pde will either increase or decrease, Other 
values for the outpfits of the station correspond to the new value of 5, 
in the Py = fi 8,;) element, The magnitude of 8, will continue to vary 
until the difference P becomes zero, 


The ccrrection for losses is introduced into the multiplying device 
5, (1 -@). The value of 8, enters here from the integrating element 
as wel] as (1 - @ ) from the summing element, Sigials are supplied at 
the input to the summing element from tele-wattmeters at the sub- 
stations and from P = f(§) elements, and the partial specific losses 
o, are found here by adding the loads of the stations and substations 
in definite scales in accordance with equation 4. The addition opera- 
tion 1 - (-@,) is also performed since it is necessary to supply the 
liffer~@ce (1 -@,) and not the partial specific consumptions into the 


multiplying device. 


All the ANRAN units are based on d.c. resolving amplifiers with a 
negative feedback. The accuracy of the mathematica] operations per- 
formed by devices made on this bases depends on the amplification fac- 
tor of the amplifiers. Therefore, in order to obtain accuracy in 
summation within 0,1 to 0.2%, use has been made of three-cascade amp] i- 
fiers using &\2-type valves with an amplification factor A = 40,000 
and a linearity on load of 50 k Qand higher within the limits of + 
100 V. 


The structura)] scheme of the summing unit is shown in Fig. 2. The 
resolving amplifier is denoted by a square with a letter A. As is 


1960 


188 
where <P, 
| 


Automatic device for load distribution 


known, the following relationship holds for such schemes 


where Nin is the input quantities; 
‘out the output quantity; 


Po and uF resistances. 


From the tele wattmeters of 
the stations 


+2 =P, AP 


: 
160 From the tele-wattmeters at 
the substations 


Pig. 


The transmission function for one of the signals 


Use has been made of these amplifiers to develop resolving units 


which perform the following additions 
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The summing unit y P., has n output terminals to which signals 


are fed from the te] e-wattmeters of the stations in the system or by 
manua] input of the signals in question taken from potentiometers. 
heving different transmission functions for each input signal, they can 
only be added with different scale coefficients. The scale coeffici- 
ents are determined in advance as a function of the maximum output of 
the station in question The ANRAN made in the Kalinin Polytechnical] 
Institute was j od f :) stations with a tota] maximum estab] ished 


Lu 
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output of 2000 The outputs of the individual stations are between 


100 and 400 MW, 


The summing unit y Pec; 18 only different from that described 


above in that the input signals are fed to it from units at each 


station reproducing the economic characteristic of each station (PFig.1). 


The differential unit which reacts to the difference in outputs 


ec. i QP, has two elements, viz. detector and executive 


For the detector element use is made of a d.c, amplifier with a 
feedback. The amplifier is based on the 6N3P-type valve. The input to 
the amplifier receives voltages of different signs which mode] the out- 
puts Pat and Poe On jefinite scale, These outputs are added 
alegebraically in the amplifier. 


The sign of the output sigal from the amplifier will depend on their 
absolute magnitude, 


The executive element is a RP-5 type polarized relay which is connec- 
ted to the output from the amplifier and has Vey =1V. To adjust the 
mode] and check the economic characteristics P oe ‘(Si), provision is 
made for manual] contro] of the RP-5 relay in the station units, 


With a transmission function of the detector element K = 5 and an 
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operating voltage for the RP-5 type polarized relay equal] to IV, 
insensitivity of the ANRAN scheme to output differences AP = XP,; - 
- LP... is estimated at roughly 20 MW, This is 1.0 to 1.5% of the out- 
put fixed for the system, 


The summing unit 1- o,, (Fig.2) is a conventional resolving ampli- 
fier. As we have seen, this block, besides calculating the algebraic 
determines the partial specific losses o in accordance 


sum l= 


with equations 4, wherefore signals are received at the input to the 
unit which are proportiona] to the economic outputs of the power 
stations. Signals are also received which are proportional to the 
loads at large nodal substations under the conditions in question, 


R 
Depending on the established ratio ry of the resolving amplifier, 


2k. 


each signal is summed with a coefficient equal to ig’ The 


algebraic sum 1- @; is calculated by supplying a stabilized direct 
voltage at the input to the unit, this voltage representing unity in a 
particular scale, The unit for the economic characteristics of the 
power stations Poe s fi 8 ,) comprises three main elements, namely, a 
resolving amplifier, a non-linear attachment and an output amplifier. 
For the resolving amplifier, which performs the summation, use is 
made of a typica] amplifier with an amplification factor A of 40,000. 


The scheme of the non-linear attachment is shown in Fig.3. It is a 
specialized functional diode converter in which two types of diode 
elements are used, The first consists of a potentiometer Py diode Dy 
and resistances Ry and P., whilst the second consists of potentiometer 
Po. diode D. and resistances Ry and R,- The current characteristics 


of these elements are shown in Fig. 4. 

The two series-connected diode elements reproduce one of the sec- 
tions of the characteristic which has the form of a broken line and 
approximately represents the non-linear relationship Pec = f(8). The 
full characteristic is obtained by summation on the amplifier for these 
sections. The number of sections and consequently the number of pairs 
of diode elements is only limited by constructional] considerations, It 
is possible to have 5 to 8 of them, 


If the output signal of the multiplying device (see be:ow) is to 
conform in output with the input of the non-linear attachment, a power 
amplifier has to be installed in between, based on the same 6N3P-type 
valve, The characteristics of the amplifier are linear between -10 and 
~ 100 V at loads of 5 k Q2 and above. 


The integrating element is a PD-0O9 type s.c. capacitor motor 
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Depending on the position of the contacts of the 4P-5 relay in the 
differentia] unit, the motor winding is connected to one of the trans- 
former windings so that reverse rotation of the motor is ensured 


Yout 


Element I of Element II 


Pig. 4. 


In the case of a motor with a constant speed the equation holds 


§—K dt 
an 


where @ is the angle of rotation of the motor shaft; 
k the scale coefficient; 
Vin the input signal. 
In our case angle @ produces the magnitude of 8, (partial specific 


consumption). The input voltage Usn> equal to — rated the motor, is 
supplied if the power difference at the input to the differentia] unit 
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is greater than its insensitivity. 


The multiplying unit § ofl - @ 4) is based on the dynamoeletric 
principle. \ultiplication is performed by precision potentiometers to 
which a voltage is applied which represents the multiplicand. M\ulti- 
plication takes place by the rotation of the potentiometer slide 
through a certain angle, the voltage taken from the slide being the 
product of these quantities. In the model use is made of NU-82-98 
type precision potentiometers of 30,000 Q, 1%. 


ANRAN can be used both as a contro] (indicating) device and as a 
directive device, directly regulating the loads of the power stations 
in the system, In both cases the results of the solution of the 
problem of efficient load distribution between the power stations in 
system can be presented in the form of indications on the appropriate 
instruments. This purpose is served in ANRAN by high-ohmic voltmeters, 
graduated in appropriate scales and connected to the output of the 
resolving units, 


60 


The method of introducing the initia] data and solving the problem 
of load distribution is as follows. 


The coefficients ks are determined from the configuration and 
parameters of the system and established in (1- @,;) units. 


The economic characteristics of the power stations in the units are 
collected by regulating the source voltages and varying the trans- 
mission functions of the amplifier. P,, = (8 i) units enable the 
characteristic to be obtained with an accuracy of 2 to 2.5% It takes 
8 to 5 min to obtain one characteristic on average. The characteristic 
can be checked on an oscillograph (Fig.5) or by instruments, After 
adjusting the (1 - 8 ;) and P,, = f(a ,) units, the device is ready 
for operation and can be connected to the network, A signal propor- 
tional to the power of the system can be obtained from the power 
stations along the telemechanical channels or given by potentiometers. 
The total power of the system can be read from a voltmeter connected at 
the output from the 2 P. unit. The load of the substations can also 
be obtained along the telemechanical] channels or established by poten- 


tiometers. 


ANRAN comes into operation by switching on the executive element of 
the differentia] unit, After the necessary time for ANRAN to produce 
the given power differences (2 to 5 sec), the instruments indicate the 
economic output and the partial specific consumption of each power 

station under the conditions in question, 


ANRAN, the model of which was produced in the Leningrad Polytechnical 
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Institute, makes it easily possible to re-organize the economic charac- 
teristics of the power stations 8, - f(P.), vary the ke. coefficients 
(dependent on the configuration and parameters of the network) and 
introduce the initia] data either by hand or automatically; it is 
easily combined with frequency contro] devices, it is also possible to 
distribute the loads in combined power systems in stages. ANRAN con- 
sists of identical interchangeable units. This makes it easy to in- 
crease the number of power stations taking part in the load distribu- 


tion system, 


ANRAN is designed in the form of a cabinet which is serviced fror 
i houses al] the units, ie units performing the summation 


two sides an 
P Pec and (l-o i), as wel] as the station units, are assemb- 
led on the same type of chassis. The resolving amplifiers are fixed in 
the bottom of the chassis. The potentiometers are mounted on side 
plates. The differential, integrating and multiplying units are 
assembled on the same chassis. The feedback and zero of the differen- 
tial unit are regulated by potentiometers on the side. The resistances 
of the multiplying unit are assembled on the same shaft. This is con- 
nected up by plugs and sockets. This means that they can be quickl) 
replaced if necessary. 


The inside of the cabinet is divided by an upright well. The exter- 
na] connexions and relays are mounted on the front. There are six 
horizonta] shelves to accommodate the units at the back, The bottom of 
the cabinet houses the power transformers, supply relays and fuses and 
the fan at the top is automatically switched on when ANRAN is connected 
up, Al] the instruments and contro] knobs are at the front, 
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Conclusions 


1. The calculation of the most efficient load distribution with the 
losses in the networks in combined power systems taken into account 1s 
a much better practical proposition if use is made of automatic counter- 


resolving devices for this purpose. 


calculations must be 


it is advisable to use an electro 
purpose ith an accuracy of 1 to 
developed in the Kalinin Polytechnica istitute in 
ither for indicating con ions or for regula- 


power stations 1n a combined system, 


modifications, the new device 


distribution with the pre- ietermined load curves of 


60 stations in the system taken int 


Translated by O.M. Blunn 
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INVESTIGATION OF THE EXTINCTION PROCESSES 
IN A FREE A.C. ARC* 
TAEV 


(Noscow Power Institute) 


(Peceived 9 July 1959) 


The purpose of the present article is to determine the conditions 

under which a free (open) ac. are is extinguished at the contacts of 

tripping gear at the first transition of the arc current through zero, 

The data given in the article refer to a range of currents from unity to 

thousands of amperes, mains voltages from 127 to 6@ V and a frequency 
Ss. The investigations have been carried out on a contactor with 
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pin copper contacts, 


Conditions for the extinction of an a.c. are 


No re-striking of the arc wil] occur if the reamvery strength of the 
arc gay U, , exceeds the recovery voltage U,. It will be seen below 
that 


the initial strength of the gap, I; 

the length of the arc column, cm; 

the time after the passage of the current through zero, 
microsec: 

depends on the current of the test quantity, being the 
rate of ascent of the curve for the recovery strength 
per unit length of the arc, \/microsec. cm: 

a coefficient taking into account the effect of the 
material of the contacts on the process of strength 
recovery in the arc column (for copper contacts B = 1). 


Flektrichestvo, No.4, 57-63. 1960. 
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The relationship given in (1) is the condition for the extinction of 
the free electric arc after the current has passed through zero with 
expression 1 taken into account: 
| Using 
n 


! 


the number of breaks on the pole of the gear; 
the nominal (rated) linear voltage of the network, V; 


the angle of shift between the current in the circuit and 
the source voltage at the moment when the current passes 
through zero; 


the amplitude coefficient of the recovery voltage; 
the scheme factor; 


the natural frequency of the circuit, c/s. 


The coefficient &, can be calculated approximately from the empiri- 
ca] formula 


Formula 3 determines the upper limit of the relationship é, 
Within the limit ‘= 2 It is necessary to assume that it is such in 


particularly important cases. 


The natural frequency of low voltage networks 


In order to determine the limiting values of the natural frequency) 
fas appropriate investigations have been made into electrical networks 
at a 'oscow automobile works. The methods and results of the investi- 
gations are set out in another paper (2). In the present article we 
shal] therefore only dwell on those relationships and quantities whict 
are necessary for determining the magnitude of f, in engineering prac 
tice. 


In circuits with motors the upper limit of the dependence of 
the nomina] (rated) output P. on the motor is characterized by the 
empirical formula 


j, = A+ 


(4) 


The truth of this formula has been experimentally verified for P, = 0.5 
to 50 k¥& The coefficients 4A and # appearing there equal 


For cable networks A = s000 and R = 2100 
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For overhead ne 15,000 and R = 3000, 


vatural frequency falls with a decrease in 
apparatus from the 
the 


‘ircumstances also arise 


to units of 
the recove ry 


ltage, the high frequency 
component approxima empirical formula 


5,000 f lc s| 


the intensity 


ircuit, cm; 


If tl real i! tlled ls in the presence of a branch- 
ed condu ccted to the coil in the appara- 
} times less than fo» as cal- 


latural] fre y aches maximum when the short circuited sec- 
tions of the network ar »( In this case the magnitude of 
fo is approximately equal 


/ 5 


where ly is the distance (in the electrica] scheme from the point 
where the tripping gear is installed to the point of short 


cire 


The natura] frequency of the circuit with a choke at which the 
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motor (according to the elect 
number of motors connected in parallel. These WWW 
if the electrica] load is in any other form, 
In circuits with transformers with low outputs amount 
kVA. there are usually two frequencies in the curve for 
= | (5) 
The natura] frequency of the circuits of the contactor coils, 
starters (triggers) and intermediate a,c. relays can be apr ximately Ti 
found on the basis of the following expressio 
. 
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= 
where # is the number of turns in the coil 
l the average length of the line for i of the 
magnetic field, cn 
, the cross section of the magnetic (i 
re) the active alr gap, cm. 
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circuit has the dimensions shown in Fig. 1, can be calculated 


magnetic 
by the approximate formula 


where ® is the number of turns of the choke coil] and a, 6, h, & and 


4 


limensions in cm, 


Determination of the natural frequency of a 


circuit with chokes. 


formula 8 no account is taken of the effect of the resistance of 


the magnetic circuit on the magnitude of f,- This is per- 


In 
the stee] in 


missible if the magnetic circuit is operating under non-saturated con- 


litions when the magnetic resistance of the stee] is small] and its 


effect on f,. insignificant, 


values of the constants in formulae 4 to 8 are so calculated 
express the upper limits of the test 


The 
that the theoretical values of le 


relationships, 


The length of the free arc and the 
speed at which it moves 


The trajectory of the free arc has a complex zig-zag shape and it is 
impossible to determine its length accurately. Oonse- 
ls necessary to adopt a 


practically 
quently in order that 1, may be calculated, it 
comparatively simple model of the propagation of the arc. 


The typical shape of the trajectory of a free arc is show by the 
dotted line, With the familiar assumptions, the minimum possible 
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length of the arc may be regarded as equa] to the length of the circum- 
ference plotted on the chord _~ Vat and arrow h, « V,t. 


In these expressions ), and V, denote the average speeds at which 
the contacts diverge in cm/sec and the movement of the upper point of 
the arc respectivels 


The leneth of the arc will be approximately 


(Vit? + | em]. 


The value of |, determined by this formula will be close to that 
minimum possible length of the arc which must be taken into account 1n 
extinction since there is least 


the moment when the 
is the minimur 


process of 


alculations of the 
be extinguished at 


probability that the arc will 
current passes through zero if the length of the arc 


possi ble, 


Rate at which the free arc moves 


at different currents. 


The speed at which a cylindrical arc moves can be cal culated 
3) if we suppose that the 


theoretically ( 
acting on the arc to the force of 


and equate the electrodynamic force 
the aerodynamic resistance. 


The rate at which a cylindrica] arc with 


be calculated from the following formula 


mass of the moving arc is zero 


a rectlinear axis moves can 


| 
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where by is the width of the contact, cm; 


l. the length of the arc in the direction perpendicular to the 
speed vector of the arc, cm, 


5. the thickness of the contact, cm. 


The actual rates at which the free arc moves in the presence of low 
currents (several dozen amperes) are governed by this relationship, At 
currents amounting to hundreds and thousands of amperes however, actual 
speed is considerably less than the theoretical speed. Its reduction 
is apparently due to the zig-zag shape of the arc column and the in- 
crease in the effective area of the air ‘‘piston” which resists the 
movement of the arc, 

It is extremely difficult to take this factor into account theoreti- 
cally. A series of tests has therefore been carried out in order to 
determine the dependence of the rate at which the free arc, formed at 
pin-type contacts, moves on the amount of current. To take the 
measurements, use was made of probing methods on a magnetic oscillo- 


graph. 
A thin wire (probe) is set up at a definite distance from the place 


where the contacts diverge. As the arc only touches the probe when in 
motion, a voltage emerges between the probe and the contact; this 
moment is fixed on the loop oscillogram, The distance between the con- 
tacts and the probe is known, Having ascertained the time fron the 
oscillogram, it is possible to find the average rate at which the upper 
point of the arc moves (point A in Fig. 2). At currents equal to 
hundreds and thousands of amperes, we have yet to be successful in 
experimentally establishing clearly expressed dependencies of the speed 
of the arc on the shape and dimensions of the contacts, the distance 
between them and the moment at which they open, The experimental ly 
obtained magnitudes of \, are shown in Fig.2. It can be seen that they 
are widely scattered, The lower limit of the relationship vie f(I) 
can be expressed by the empirical formula: 


| cm/sec |. (11) 


The values of 7. determined from this formula are the minimum pos- 
sible speeds of upper points ol the arc corresponding to an arc of 
minimum length, They therefore correspond to the most unfavourable 
conditions for arc extinction. 


Taking formula 11 into account, the minimum possible length of the 
arc for pin contacts can be determined in accordance with the following 
approximate expression: 


VV; 123001" [em]. (12) 
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conditions are most unfavourable for arc 
the contacts open in the middle of the 
ombustion time t, may be 


source [ requency. 


her 


en become 


for other kinds c 


Use mé ma f relationships 11 ar 
uurrent variations from 75 to 3600 A, a 


(for f 5( and an arc velocity « 


Growth of recovery strength in the column of 
a free arc at a source frequency of 30 ¢/s 


results 


contacts), til 


ts combustior 


Two methods may 
mentally li fferent 


through zero, 


First methoa. he magnitude an be determined from cath« 
oscillograms of the volts on : arc gap at different magnitudes 
f,, which itself determines the speed at 1 the voltage recovers, 
oscillograms here having to refer to the same current to be tripped 
the leneth of time the arc burns here having to be greater than one 


ha] f-period, 


After the current has passed through zero the voltage on the gap 
begins to recover at an average rate roughly equa] to 


where Ey is the recovery voltage at line frequency, assumed equa] to the 


instantaeous value of the source voltage at the moment the 
current passes through zero, 


D2 
Tests have shown that 
extinction at the moment 
4 
half-period. In calcuiat 
assumed equal to a quarter of the period of the i: 
It would not be possible to calculate the length of the free ar« 
separately for pin-type contacts since the product kl. appears in the 
isic relationship 2. The magnitude of &l is found experimentally. 
Separate determination of the value of & and !/. is justified in that it 
ques possible to use the experimental] data given in this paper 
contact. 
d 12 within the limits of 
irc combustion time up to 0,01 
sec 1.5 to 6 m sec, 
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The natural frequency of the circuit fo and the coefficient k, can 
be determined from the above-mentioned cathode oscillogram, The magni- 
tude of F, is calculated by generally known methods, At the moment of 
time when the voltage across the gap attained the value of the ignition 
voltage Vs , the strength of the arc column is equal to Vig: Different 
values of the ignition voltage should correspond to different rates of 
voltage recovery. The value of fo can be changed by a capacitance 
shunting the contacts of the tripping apparatus, 


Having a number of values for the ignition voltage Vig Vig and so 
forth and corresponding rates of voltage recovery across the gap 


av etc, we can plot a curve for the recovery 


strength of the gap at the current in question. Fig.3 illustrates the 
plotting of the relationship U. .* f(t) by the method in question, The 


rate of recovery of the voltage (= ) is equal to the tangent of angle 
t 


a. Producing a number of straight lines 0-1, 0-2, 0-3 and finding 
their intersection with the corresponding ordinates Un, U3 and Uy’ . we 
determine points 1, 2 and 3 for the characteristic U,. . = f(t). 


In the final analysis, this method of plotting the curve U, . = f(t) 
can be reduced to the determination from the cathode oscillogram (with 
a large time development) of the magnitude of the ignition voltage Ui 
and the time from the moment the current passes through zero to the 


moment when this ignition voltage occurs, At this moment of time 


Fig. 3. Plotting the dependence of 
recovery strength on time. 


Second method. In this case it is necessary to create those con- 
ditions in the circuit under which the arc will cease re-striking. 
These conditions, conventionally referred to as “ critical’’, can be 
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produced by regulating the natura] frequency f. and varying the source 


vol tage. 


It can be said that under such critica] conditions at the moment of 


time equa] to the halt r f the natura] frequency of the circuit, 
the value of the recovery strength across the gap equals the amp] itude 
value of the recovery voltage | ; having a number of these data 
for different values of > can the curve Uy , = f(t) (Fig. 3b). 
The amplitude o covery voltage can be calculated theoreti- 


cally or experimental] the oscillogram of the recovery 


lee 
vo! tage. 


ise is made of the cathode oscil- 
logr apt thout taking cathode « llograms of the voltage. To do this, 


additional c acts shu i by a smal] active resistance are connected 


in the basic current « } in series with the main contacts, 
1960 


The voltage drop fron s resistance is fed to plates for the 


oscillograph effe and additional] contacts are 


regulated in such : hat he: nm at the same time then when an arc 
emerges on the mai! it; an al urrent curve will apear on the 
screen of the oscil lograpt ! arc combustion time can be determined 
from this, 


The curves 4 increa ecovery strength when the currents to 


be tripped are smal! (¢: 8 A) are determined by the second method, 


r 


Table 1 shows t! lu f the tial recovery strength 


oefficient &, whi refer oa uni f length of the arc (] 


case of copper contacts, 


Current 
tripped, 


V/microse 


When tripping cur ts u 80 the arc is weakly stretched ty 
electrodynami: j and it is th ume length as the ance betweer 


the contacts, @ tl her hand, te have shown that a change in the 


distance® between t ts o 10 mm does not lead to any 


* Actual text reads lut , an ** rastotanie’’: distance, 
(Translator 
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alteration in the position of the curve Oe « = f(t) at ay given 
current. This means that the reduction in the length of the arc does 
not lead to a reduced intensity of cooling at currents up to 80 A, 
since the role of heat dissipation thr« ugh the contact parts increases 
in this case. Consequently the effective length of the arc at currents 
up to 80 A can be more or less regarded as independent of the distance 
between the contacts and roughly equal to 1 cm, This position has been 
experimentally verified on contactors with contacts which diverge at 
rates between 0.75 and 1.25 my sec. 


Let us dwe]] now on a certain circumstance which must be held in 


mind when plotting |. . = f(t) curves by the second method When 
determining the amplitude of the recovery voltage at the contacts of 
the apparatus, it is necessary to reckon with the value of the vo] tage 
at the source terminals (generator, transformer), when the current to 
be tripped passes through the circuit. 


The point is that in this case if the voltage is reduced at the out- 
put terminals of the supply transformer, two processes will take place 


simul taneously after the arc has been extinguished: the recovery ol 
the voltage at the contacts of the apparatus and the recover) of the 
voltage at the transformer, It may wel] be that the voltage will 
recover considerably less quickly at the transformer than at the con- 
tacts of the apparatus, determined by the high natura] frequency of the 
‘*ransformer-tripping gear’’ section of the circuit, In this case, 
when determining the amplitude of the recovery voltage, it is necessary 
to include the actual] value of the v« Itage at the output terminals of 
the transformer. By taking this process in account the values of & 

So shown in Table 1 are to a certain extent more accurate than 
those obtained before (1). 


Curves for [ Ph. f(t) have been plotted by the first method for 
currents of 265 to 1000 A. At currents greater than 1000 A it was 
difficult to make use of this method because the initial strength o! 
the gap in this case was very) small and the intersection of the curves 
for the recovery voltage and the streneth of the arc column at the 
first transition of the current through zero usually took place at the 


very beginning of the process, 


In the case of currents between 1550 and 3600 A, it was necessary to 
use large capacitances (hundreds of microfarad), which shunt the con- 
tacts of the circuit breaker, The rate at which the voltage increases 
on the gap was smal] and re-striking of the arc only occurred 100 to 
300 yt sec after the current had passed through zero, The ignition vol- 
tage US and time ¢’ which elapsed between the moment the current passed 
through zero and the moment re- striking of the arc occurred was deter- 


| 


Extinction processes in a free a.c. arc 


mined direct from cathode oscillograms., 
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microsec 


Fig. 4. Increase in recovery strength after 
first transition of current through zero. 


microsec; © 
cm 6 6 
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Fig. 5. Dependence of k,, & and |? on the 
current to be tripped. 


At the moment of time ¢’the strength of the gap equalled If, With a 
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series of such values for Uie and ¢t’ (corresponding to different fre- 
quencies f.) we can plot the curve for Ue s = f(t) for the current in 
question. It is possible to determine U, » in this way because the 
voltage across the gap at different moments of time increases at differ- 
ent speeds; at first it is low and then it rises smooth] y. 


Fig.4 shows experimental curves for the growth of recovery st rength 
across the gap after the first passage through zero if high currents 
are to be tripped. They represent the lower limit of the points ob- 
tained in the tests and refer to the full length of the arc, The 
curves practically coincide with each other at currents of 1550 to 2000 
and 2900 to 3600 A. 


Let us pay attention to the fact that the initial strength of the 
gap is fairly smal] at high currents and that its strength diminishes 
with increasing current. 


The data in Table 1 and the curves presented in Fig.4 enable us to 
plot the dependence of the values of & and U? 5 on the current to be 
tripped, 


Fig.5 shows the relationship of the magnitude k, = kl’ = f(1), 
referring to the full length of the arc, This relationship refers to 
the first passage of current through zero and the opening of the 
contacts in the middle of the half-period, It was derived theoreti- 
cally from formula(il) for contacts diverging at an average speed of 
Vy cm/sec, 


Having divided to value of Fk, by l,, values of k can be obtained 
for different currents in respect of arcs 1 cm in length, The rela- 
tionship & = f(I) is introduced in Fig. 5. It can be represented quite 
accurately in the form of an empirical formula: 


=0,174+% (V/microsec , cm) 


Having made use of the data of Table 1, we are able to plot the 
re] ationship ps ; = f(1) shown in Pig. 6. In the case of copper contacts 
this relationship is characterized by the following empirical expres- 
sion: 
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It should be noted that the curve shown in Fig.6 and formvla(14) refer 
to conditions prevailing when the arc is on “ hot’’ contacts along which 
the bases of the arc move slowly, 
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Tests have established that in real industrial networks when currents 
over 1000A are to be tripped the free arc is usually extinguished in 
the second or subsequent transitions of the current through zero, At 
this time the arc column is greatly extended and acquires a considerable 
active resistance, the magnitude of which is commensurate with the re- 
maining resistance of the circuit. The angle of phase shift and the 
corresponding value of the recovery voltage decreases, The free arc is 
quenched in one of the transitions of the current through zero (Fig.7). 


All the data given in the present article refer to curves for the 
recovery strength of the gap Ur. s° only true for the first transition 
of the current through zero. Coefficient #&, as can be seen from the 
experimental data in Table 2, also has different values for other than 
the first transition of the current through zero, 


Current to 2nd transition 
be tripped, A 


Strength of the cathode zone in the a.c. are 


As follows from the present article, the experimental values for the 
initia] recovery strength - are less than those published in the 
literature for the ‘‘ strength of the cathode zone’’., According to data 
published by “‘ Slepian” and ‘‘ Broun,” as well] as other authors, 
initial strength is always greater than 160V no matter what currents 
are to be tripped. In our experiments the value of fs was only a few 
tens of volts at currents greater than 1000A, 


We have no reason to doubt the correctness of the above method of 
plotting curves for U. = f(t). For example, Fig.8 shows four cathode 
oscillograms of the voltage at the gap taken on a 2KM-type oscillograph 
with mechanical] scanning (drum cassette) at U = 380V, a trip current of 
840A and an average rate of voltage recovery equal to 


dU 
(ar), = 2.2 V/microsec, 


It can be seen from the oscillograms that the peaks of the ignition 
voltage Ujg which take place after the first passage of the current 
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through zero are equal to the strength of the arc column at the appro- 
riate moments of time and that their values are less than those for the 
‘‘ cathode zone strength’ ’ published in the literature. These values 
could not be voltages on a metallic crosspiece since the distance be- 
tween the contacts was at least 2 to 3 mm and reached 6 mm at the 
moments when they appeared (fig. 8b), whereas literary sources declare 
that the metallic bridges were not above 2 mm in size. 


The data given in the article relative to the value of 3 are 
different from the values for initial recovery strength stated by 
Slepian, since they were obtained in experiments carried out under 
different conditions. This indicates the need to carry out extensive 
investigations in order to estab] ish the quantitative dependencies of 
. on the material, dimensions and heat-dissipation properties of the 
electrodes, the intensity of thermo-electronic emission and the vapori- 
zation of the meta] from the electrodes etc. 


200 400 600 800 17000 1200 


Fig. 6. Dependence of initial recovery 
strength on the current to be tripped. 
author’s data; ------ Slepian’s data. 
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Oscillogram of the processes of tripping a 
circuit when I, = 3600 A 
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specifically by the processes taking place at the cathode (Slepian 
effect), but by the parameters proper of the arc column, then the value 
of v° _ can be determined especially approximately from the formula 


r.s 
given in another paper (4): 


0 Vo! 
U =V 


res 


But since 


then 


For a current of 100 A, the time constant of the arc 5 #100 micro- 
sec, whilst the magnitude of the gradient £ = 10 V/cm, 


Moment contacts 
opened 


®) 
Moment contects / 


opened 


——— #, 


f 


Moment when 
contacts opened 


Moment contacts 
(4) opened 
Pig. 8. Oscillograms of the voltage at the contacts of the 
apparatus when tripping a current of 840-Aand f,, = 1100 c/s 
(a); fo = 1000 c/s (6); f, = 900 c/s (c) and fo = 800 c/s 
(d): 1.2. 3 — ordinal numbers for the transition of current 
through zero. 
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In this case, for an arc 1 cm long we have 


— 159 v. 


r.s 9.314-100-107 


which coincides roughly with experimental data, 


Slepian and other investigators have made use of a similar method 
to the second method considered above to plot curves for Uv. 3 f(t) in 
the presence of large currents. The only difference was that they 
obtained the quenching of the arc in the first passage of the current 
through zero by means of an active shunting resistance, It is charac- 
teristic that its value reached 0.1 to 0.32 at currents over 1000 A 
It can easily be shown that under these conditions the rate of voltage 
recovery is low and also aperiodic in character, In order that the 
voltage on the gap be equa] to 160 to 250 V, an amount of time calcu- 
lated in hundreds of microsec is required in this case. Consequently 
the strength of the arc column measured by Slepian (160 to 250 Vv) did 
not occur at the moment when the current passed through zero, but 
several] hundred microsec later. 


Our experiments with the use of a shunting capacitance seem to us 
more accurate since they enable the value of U,., to be measured in the 
first tens of seconds after the current has passed through zero. The 
values for Uys obtained by us hundreds of microsec after the arc had 
been quenched were the same as the experimental data obtained by 
Slepian (Fig. 4). 


Whereas we may assume that the ‘‘ Slepian effect’’ does not in fact 
take place, this stil] does not prevent metallic plates being used in 
are extinction chambers, The considerable thermal capacitance and heat 
dissipating capacity of these plates is instrumental in quenching the 
arc. 


The judgements made here relative to the value of . must be 
regarded as preliminary, The difference between our figures and those 
produced by Slepian only indicates that a serious investigation should 
be made into the nature of the initial recovery strength of the gap and 


is quantitative dependence on various factors, 
Translated by O.M. Blunn 
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CALCULATING TRANSIENT PROCESSES IN 
LINEAR CIRCUITS BY 
RECURRENCE FORMULAE* 


N.S. KOCHANOV 
(Leningrad) 


(Peceived 14 April 1959) 


Transient processes in linear electrical] circuits with lumped para- 
meters can be calculated most simply by using the operator method, sut 
if circu f a high order are calculated, considerable difficulties 
arise in connexion with the need to solve algebraic equations with high 
powers. Therefore, the use of the expansion theorem, or, what amounts 
to the same thing, the summation of deductions, is not acceptable in 
practice. If use is made of the method of expanding representations 
into a series arranged according to the negative powers of the operator, 
quite a lot of time is needed to calculate transient processes, 


It can be shown that to determine the transient function of an 
electrica] circuit to the power of n with lumped parameters it is quite 
sufficient to know 2n equally distant values which can easily be cal- 
culated by the ansion of a rational fraction into a series arranged 
according to the negative powers of the operator with subsequent tran- 
sition into a‘* \akloren”’ series. Al] the following equally distant 
values can then be determined by a recurrence formula, provided that 
the initial values of the transient function were determined with suf- 
ficient accuracy. 


ethods of calculating transient processes in linear electrica] cir- 
cuits on the basis of recurrence formulae have been published in the 
U.S.S.R. We can for example point to the work of Khukhrikov Vl. 
Part I of his book is devoted to the analysis of transient processes in 
linear circuits, But his method has a number of shortcomings, Firstly, 
the recurrence formulae are too approximate, Secondly, the initial 
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values of the function for the transient process are determined on the 
basis of the theorem of substantive conversion of the Laplace trans- 
formation which cannot ensure sufficient accuracy. Thirdly, in order 
to plot the transient process curve it is necessar) to calculate dis- 
crete values of functions at different intervals, This involves a 
great deal of calculation, Finally, no criteria of accuracy are given 
for the approximate method, In this connexion it is impossible t 
solve the problem of how to select the theoretical interval of time, 


) 


Similar comments may be made about the method proposed by Ionkin (2). 
As regards other methods of calculating transient processes in linear 
electrical circuits, reference should be made to the approximated 
operator method (3) and a similar method published abroad (4. he 


- 


main shortcomings of these methods are the same as those set out above, 


The expansion of certain functions into series in these works 
entails the use of recurrence formulae, here it should be mentioned 
that the appropriate recurrence formulae and the initial equally dis- 


tant values of the transient functions necessary for these formulae are 
more accurate than in the first of works under consideration, 


The present article sets out a method of calculating transient pro- 
cesses which is free from the above shortcomings, It should however be 
mentioned that the stated works [l-4] cover a wider range of problems 
in connexion with the calculation of linear systems with variable para 
meters and also non-linear systems. A special feature of the proposed 
method is that the transient functions of linear circuits with lumped 
parameters are calculated by recurrence formulae from accurate initial 
values for these functions. Here the error in the calculations is only 
determined by errors in rounding and the number of correct signs of the 
numbers. Moreover, the step of the recurrence formulae is doubled. 
This considerably simplifies the calculation, If use is made of digi- 
tal computers, this method will enable complex problems to be solved in 
the calculation of transient processes in linear electrical circuits. 


Suppose that as a result of applying the operator method to the de- 
termination of the transient process that the time function is represen- 
ted in the form of a fraction 


F (p) 


Then, studying the case of simple roots* for the equation 


p*-+-a,p’ +-a,p" 0, 


® The proposed method is also true in the case o! multiple roots. 
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the origina] can be written in the following form 


F (ft) 


where Py are the roots of equation 2. 


If we determine the values of the exponential polynomial (3) at 
equally distant values of variable t, we obtain the following set of 
equa! ities: 


F (vt), v==0, 1, 2, 3, 


where 7 is the step of the values of function F(t). 
1960 


Denoting 


the set of equalities (4) can be written 
na 
=F, 


It is easy to verify that the equally distant values of the F(t) 


function (i.e, Fo, Fi, Fo ++++) can be determined like the initia] 
values of the function 


x)= 


a=! 


and its subsequent derivatives. 


Regard function (5) asthe solution of a wniform linear differential 
equation with constant coefficients 


A, . ,O(x) =0 (6) 
under the initia] conditions 


O(0)=F,; 


The characteristic equation for equation (6) has the form: 
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(Pit Pat + 


If equation(6) is differentiated y times and x equated to 0, we arrive 
at the following recurrence or difference equation 


v=0,1,2,3... 


Using this recurrence equation and knowing the initia] values of the 


sought for function Fo. Fy. the necessary number of 


equally distant values can easily be calcul ated in succession to plot 
the transient process curve, The problem thus arises of determining 
the initia] values of F Fy, Fo ers | and the coefficients of 
recurrence formula (9) without calculating the roots of equation(2). 


By dividing the polynomials of the numerator and denominator of the 


fraction, arranged according to the diminishing powers of the operator 
p, the fraction can be represented in the form of a series arranged 


according to the negative powers p, i.e, in the form: 


Note that the coefficients of the series are also calculated by a re- 
currence formula: 
¥v=0,1,2,3.. 


This is more convenient in practice as the dividing operation is elimi- 
nated, 


Passing to the original, we have an expansion of the sought for time 
function in the form of a Makloren series 
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(10) 


Using this series we can calculate the initial values of the sought 
for time function very simply, in so far as they correspond to low 
values of the variable t. It is expedient to calculate the even and 
odd parts of series 10 separately. It is then easily found that 
F(t) =F, and F(—+)=—F,, and F(—2t)= F_, and so on 
simu] taneously, wherefore it is necessary to take the sum or difference 


of the stated parts of the series, 


The values found are first used to calculate the coefficients Ay, 
A. | and then to calculate the subsequent values of the sought 
for time function, Using recurrence formula(9) wecan compose the 


following set of equations to determine coefficients A,, Ay ...-A,.4: 


AF 
(11) 
T A,F +A 


It should be borne in mind that coefficient A, is regarded as know 
in these equations, since it follows from (8) that 


A,=( 


The set of equations(11) is greatly simplified in a number of cases 


A,F,=A,F_,—F 
and consequently A, is determined from the first equation and A, from 
the second, Here, in so far as the coefficients are calculated both 
from the values of the sought for function with positive ¢ and from 
these values with negative t, the calculations are simple and highly 
accurate, 


When the coefficients of the recurrence formula have been determined 
we can next pass to the calculation of the equally distant values of 
the sought for function with the constant step. 
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It is also expedient to consider the method of enlarging the step. 
Firstly, this method makes it possible to obtain recurrence formu] ae 
at a considerable step value. Secondly, it is possible to calculate 
discrete values of the time function with different intervals. Turn to 
equation 7, the coefficients of which are expressed by formula 8. If 
we produce a new equation in which, as in 7, the coefficients are com- 
binations of the squares of its roots, i.e. gre a... er". & 
is obvious that the transformed equation should correspond to a recur- 
rence formula with a doubled step. This transformation of the equation 
is performed on the basis of the method of laying of the roots, as used 
by I.I. Lobachevskii in his method of solving algebraic equations. 


The coefficients of the transformed equation A‘, A)”,. 


are determined as follows according to the coefficients for the old 
equation: 


A\ =A, — 2A, 
A’ = A) — 2A,A,+ 


(— 1)" Al’ = 


We thus have: 
Am + AD 

(1) 
+ Al? =0 


and consequently, the recurrence formula for the double step assumes 
the form 


(1) 1) 
Pinte A, T A, +. + 
+A" F,,, +4)’ F,=0. 
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By using this transformation several times it is possible to increase 
the step 4, 6, 16 and so on times, Note that it is expedient to double 
the step when the necessary number of initial ordinates of the transient 
process curveshave been calculated in order to continue the calculation, 


Example. Let it be required to calculate the impulse transient func- 
tion for the low frequency filter shown in Fig. 1. 


The transmission function of this filter is written in the following 
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The expansion of the F( ) function into a series has the form: 
Fip)= 
Whence we find 
F (t) = 0.5¢? — ¢* + 0,875¢* — 0,42575+ 0.1127 —.. 


TABLE 1 


t 0.1 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 


0.408}1.327)3. 450) 4. 938 |5. 173 | 4. 39613. 423] 2. 466) 1. 646 


60.8333 L=0.1667 H 


C=0,4800 F 


Fig. 2. 


With a step Tt = 0.1, calculate by this series 


F,=0;, F_, = 0.609-10-*, F, = 0.408-10-* 


= 2.954-10-*: F, = 1.327-10-*. 


Using the above method, determine the recurrence formula for the 
step T = 0.1 


F 2431F,,,— + 0,549F,. 


If the step is doubled we have 


F,,, = 1.930F,,, — 1.296F,, + 0.301F,, 
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Using these recurrence formulae we can calculate the discrete values 
the impulse transient function shown in Table l. 


F (t) = 0.3020e~°* (9.0832 sin 1.754f 
- 0.3020 cos 1.754}. 


tica] solution of the problem has the form: 


F (1) = 5.14-10-?, 


Using this formula, when t = 1.0 we have 


F (2) = 0.93-10-2. 


and when ¢t = 


comparable, 


indows 
vided 1 the celluloid plate, spaced at equal distances 
coefficients of the recurrence formulae are inscribed oI 
between the windows (these markings ‘an be erased later) 
values of the e mential polynomials are inscribed in the windows 
on the paper tape, The resul f the.calculation by the recurrence 
formula is inscribed in >» extreme window on the left. 


When the paper tape is drawn one step along, the val 
exponential polynomials corresponding to the recurrence formula are 
shown on the right of every coefficient. The result of the new cal- 
culation is again written in the left hand window and then the tape 
moved along one step again and so on, 


In Fig. 2 the position of the paper tape corresponds to the calcula- 
tion of F(t) for the moment of time t = 0.2 from the recurrence formula 


inscribed for step T = 0.1. 


Translated by Blunn 
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AN IMPROVED SYSTEM OF ARC EXCITATION IN 
MERCURY ARC RECTIFIERS* 


V.M. MANTROV 
(Lenin All-Union Electrical "ngineering Institute) 


(Received 30 September 1959) 


The constantly burning excitation arc is the main consumer of power 
expended on the valve’s own needs. A reduction of this energy and a 
simplification of the excitation system would cut running costs con- 
siderably and to a certain extent reduce the prime cost of the recti- 
fier insta] lation. 


Fig. 1(a) shows a modernized system of arc excitation in mercury 
arc rectifiers**. At positive polarity of the auxiliary anode I, an 
arc arises between it and the cathode and a half-wave of current passes 
through the reactor P. On diminution of this current in the reactor, 
an e.m.f. is induced under the effect of which anode 2 is ignited and 
consequently a second half-period of current passes into the excivation 
circuit at the expense of the energy stored in the reactor, In sub- 
sequent periods the current in the circuit of anode 1 increases at the 
expense of current in the preceding half-period, through the reactor 
(Fig.1c). But the excitation current cannot increase for ever since 
its value is limited by the power losses in the circuit. 


The instantaneous value of the current in the circuit of anode 1 is 
determined from the equation 


2! sin wf = oL 


where U is the effective value of voltage on the secondary winding of 
the excitation transformer T7,; 


Elektrichestvo, NO.5, 13-15, 1960. 
e* An analogous system of arc excitation has also been proposed by V.M. Koles- 


nikov. 
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Arc excitation in mercury arc rectifiers 


COS wf) j 


min 


Expression(1) orresponding to 
the maximum i 
1° 


Ignition 


bid rcu for arc ex 


equivalent liagram of e te current 


nis ) 


and ignition excitation circuit f with a semi- 


conductor igniter 


The ignition angle ig 18 determined from the following equati 


2! sin 


where lig is the ignition voltage of the excitation anode. 
Having differentiated and equated equality 1 t 


formula for determining the angle 0. 


zero, let us find the 


Y 2 Usin 6, = AU. 


26 
L the inductance of the reactor P; 
4 the voltage drop in the excitation arc (its magnitude is 
practically independent of irrent), | 
Having integrated this equation within the limits from the angle of 
ienitior +; and t obtai the fol lowing 
lgniti ina tire we Dtain the [following 
formula for determining the current in the circuit of anode 1 in the 
steady state: 
_—(cos) — (1) 
ig 
: 
| > 1960 
/ } 4 >. 
< 
> > ‘ 
a) db) F d) 
- 
Steady state ie 
J 
. 
— (2) 
ig 48 
The burning angle of anode 1 equals 


Arc excitation in mercury are rectifiers 


ig 
The instantaneous value of the current in the circuit of anode 2 is 
determined from the equation 
li, , 
ol ——_- =AU, 
d (wt) 
After integration of this equation from 0. to wt and from I,,, to in, 
we have for the steady state 


(ot 


The angle of burning for anode 2 equals: 


—22+-6,—f 


and consequently equation 4 is true from , tO wt = 


Substituting the value of of = ig into expression 4 


! 
max wl 


The amplitude of current pulsation is determined from the formula 


Al) 
9 if 
(22-+-9,— 


In order to determine the magnitude of the current in the secondary 
winding of the transformer 7, and anode 1, use 1s made of the equivalent 
circuit shown in Fig. 1(b). According to this circuit the effective 
value of the voltage appearing in equation 1 will] in the steady state 
equal: 


E—! 


where F is the no load voltage in the secondary winding of the trans- 
former T,; 
- the effective value of the current in the secondary winding 
of the transformer 7,: 
the resistance in the secondary winding of the transformer 
7 


e’ 


R,, the resistance in the winding of reactor P. 


In addition, wl + , should be substituted for wl in equation 1 1! 


9907 
2 max : 
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» havo* 
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(5) a 
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min max 


Arc excitation in mercury arc rectifiers 


this case. Bearing the above in mind when (Fig.ic), we can 


write: 


Calculating I,,, from this equality we have 


wl +x, 


Equating expressions 5 and 6 we find 


1960 
ig 


Assuming this current to be rectangular in shape with a height leas 


we have 


r 


V 


The average value of the excitation current approximately equals 


(9) 


whilst the effective value of the excitation current, if pulsations are 
ignored, can be considered equal] to maximum 
e.eff nen’ (10) 

The excitation system under consideration has been tested on valves 
with two types of igiter, namely, slit and semiconductor, The latter 
scheme is shown in Fig.1(c). In the scheme in question the ignition 
current passes through the winding of rea@tor P, which increases the 
energy stored in it in the first half period and ensures reliable 
excitation of the arc. The winding Wie 
therefore need not be made powerful, provided there is a reserve of 


only operates momentarily and 


reliable ignition, The momentary passage of alternating 
igniter does no harm to it and the selenium recti- 
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arc excitation in mercury arc rectifiers 


fier generally used in these cases can therefore be excluded from the 
circuit (on test, the igniter struck more than 10,000 arcs without any 


notable changes in its parameters). 


In the case of rectifiers wit! slit igniters it is necessary to 
ensure that the excitation arc is struck ‘learly and distinctly besides 


satisfying condition 7 when choosing the voltage of the excitation 
transformer. To do this it is necessary for the energy of the reactor 
to be sufficient to hold until the next period of excitation current 
commences (equa] to or greater than 2 to 3A) after the cathode spot has 
formed and the first half-wave of current has passed, This condition 
is approximately characterized mathematically by the following expres- 
sion: 


V 2E (cos 6, - n- Al 


init” L 


In low-power transformers used in excitation systems, «+, <€ Ry. In 
addition, when plasma is present in the valve Vig eo Av, the ignition 
angle < 6,, whilst On the above assumptions, expression 
7 changes into the following formula 


V2E—Al 
eff V2(R, + R,) 


/ 


which can be used for preliminary calculations. 


Fig. 2 shows oscil lograms of the excitation current, the currents in 
the circuits of anodes 1 and 2 and also the voltages on the excitation 
anodes, They were taken when testing the scheme on a RMV — 250/2 type 
rectifier which had been in store for several years and had a high 
inflow of air and voltage drop in the excitation arc greater than 22V. 


With 80V on the secondary winding of the excitation transformer and 
a reactor with a winding of 350 turns, the system of excitation struck 
the arc quite clearly from slit igniters an i, as can be seen from the 
oscillograms, produced comparatively smal] current pulsations, With a@ 
effective current of 11 A in the secondary winding of the transformer, 
the average arc excitation current equalled 14 A, minimum 12 A, In the 
limiting case, the average (and minimum) excitation current can be 


times greater than the effective value of the current in the ex- 
citation transformer. 
It is expedient to combine the excitation scheme for two (or genera 


ly an even number or) rectifiers in order that the excitation trans- 
former should operate under conditions of tw hal f-period 


rectificatict 
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Arc excitation in mercury arc rectifiers 


Fig. 2. Oscillograms taken when testing 
the circuit shown in Fig. l(a). 


t; ~ current in circuit of anode 1; i. - 
of anode 2; arc 


current in circuit 
excitation current; uy- voltage on an de 


1; wu, — voltage on anode 2. 


saturated in the steady state, Otherwise its 


reactor should not be 
ignition of the arc, 


inductance at low currents will] worsen the 
Translated by O.M. Blunn 
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EXCITATION SYSTEMS FOR VARIABLE 
FREQUENCY INDUCTION MACEINES* 


A.T. GOLOVAN and I.¥. KRUGLYANSKII 


(“oscow) 


There is as yet m 

parameters of asynchronous 

variable frequency gener 

lating frequency been eluc 

purpose of the present 

equipment for industrial under I a he Moscow Power Instit 


to solve these problems. 


No account is taken in the analysis of machine operating con 
of the effect of hysteresis, whilst losses from eddy currents 
ignored. Suppose that the currents and fluxes in the machin 
sinusoidal and that the leakage reactances only depend on fr 
being practically independent of the saturation of the magnetic c 
cuits in the machine, 


The most diverse consumers may be served by the load of an asyn- 
chronous self-exciting generator of variable frequency, i.e. induct ion 
motors, vibrators, excitation circuits, power amp ifiers and so on, Al] 
the basic relationships have therefore been obtained for the general 
case of the load z; = r; + ix). 


In order to be definite, an investigation is made below into the 
performance of an induction motor generator having a impedance z, which 


varies in such a way that the generator is under the same conditions as 
when the motor is supplied. 
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Variable frequency induction machines 


Suppose that the resistance torque on the shaft of this motor re- 
mains unchanged. Consequently, I) = const. Since U) = Visof torque, 
then = ti sof. 


Since the inductance is proportional] to frequency, only the active 
load impedance need be varied. 


At low frequencies (f 25 c/s) it is desirable to observe the re- 
lationship 


(1) 


where rie is the active resistance of the stator winding in the motor 
under supply. 


The load impedance should in this case vary according to the law 


L,= const. 


A study has been made of the performance of variable frequency gene 
rators on the basis of a 1.7 kW AK-51-6 type induction machine with a 
phase rotor. 


The magnetization curve was obtained experimentally for the analysis 
and used to produce the relationship 
x, =f" (/,). 
> the reactive power of the capacitors is proportional] to the 
ance and the square of the voltage, it is necessary to increase 
tage to decrease the capacitmce. It is therefore proposed that 
on the rings be increased to 380 V by increasing the number 
the induction machine’s rotor winding. 


Consider certain systems of excitation for generators. 


Fig 1 shows the equivalent circuit of an induction machine with 
capacitors and additional resistances in the rotor circuit together with 
the corresponding vector diagram of currents and e,m, f, 


The following relationships can be obtained from Fig. 1: 


/ 
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Variable frequency induction machines 


2.= (Rs)* 4. F 


The operating conditions of the generator (frequency, voltage, 
currents, efficiency and so on) are completely determined by these 
expressions given the parameters of the system. 


(b) 


Pig. 1. "quivalent circuit of an asynchronous generator with 

capacitors and additional resistances in the rotor circuit 

(a), and the corresponding vector diagram of currents and 
e.m.f. (6). 


Neither the scheme shown in Fig, 1, nor any other system of connec- 
ting the capacitors, makes it possible to regulate frequency over a 
wide range and produce optimum pre-determined operating conditions for 
the machine by varying just one parameter. It is therefore necessary 
to vary the capacitance of the capacitors and the resistance of the 
rotor circuit at the same time, 


The corresponding values of Ff. and C. at which condition 1 can be 


and 
2 | 
— (x F x x F aj=— —— 
| < R, 2 ( ) f- a 
where 
/ 
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Variable frequency induction machines 


satisfied with a definite range of frequency variation, can be found in 


the following way. 


Knowing the va! impedance :., we can calculate 
I the magnetization current 
and the reactan« curves = f(Iy) an 
starting from tl! ] f voltage variation, 

The value of letermined by solving equations 


and 3 together. 


= | 
j 


= {(F) and = f(F) when 70.5 + ) 


R 
er 


‘ig. 2 shows curves 


52. 8; = 2.54 a= 


in Fig. 2 that when F <_0.35 regulation is 


It fo] lows [rom the "urves 
with practically constant capac.- 


effected by varying the impedance 2, 
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Variable frequency induction machines 


tance on the capacitors. It is necessary to increase the capacitance 
noticeably with increasing F (the more intensively, the higher the 
frequency), by reducing the value of the impedance f., at the same time, 
This is explained by the need for there to be a sharp increase in the 
magnetization current at low frequencies. As frequency increases, so 
the magnetizatioga current should gradually decrease; at F»>0.5 its 
value can be assumed fixed. 


The intensive increase in capacitance 1s explained by the decrease 
in the frequency of the rotor current with increasing F. This increa- 
ses the reactance of the capacitors and reduces the magnetization 
current. The need therefore arises for the resistance of the rotor 
circuit to be reduced. 


The efficiency of the generator is very low at low frequencies owing 
to the increase in losses in the rotor circuit. The losses can be sub- 
stantially reduced by using a multi-speed induction machine as the 
drive motor, this machine operating at the lowest speed limit when 


frequencies are low, However, this measure can Cause a certain in- 
crease in the requisite capacitance of the capacitors. 


(b) 


Fig. 3. System of connecting capacitances (a), and 
regulation characteristics (6) for the low frequency 


asynchronous generator. 
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Variable frequency induction machines 


The need to switch the capacitors is a disadvantage of the scheme 
under consideration, 


This disadvantage can be avoided if the capacitors in the machines 
rotor are connected as in Fig. 3. 


On the basis of the equiva] ence « 1e schemes in Figs. 1 and 3 and 


assuming the capacitances 1, } constant, we have 
tJ 


R, x. x, CR 
1960 


It follows from equality(6) that the following inequalities should be 
satisfied at all frequencies within the given range 


Since it is desirable to produce the largest possible value of r., 


if 


(in order to decrease the magnitude of capacitance, reduce losses and 
save copper), it is necessary to try to get the minimum of the radicand 


It follows from(8) that r. is greater, the greater Cc” and the smaller 
the sum of Cp. 


Bearing all that has been said in mind, it is recommended that the 
parameters of the scheme in Fig. 3(a) be selected in the following way: 


l. The magnitude of C” should hardly be less than that of capaci- 
tance C., calculated for the lowest frequency in the scheme in Pig, 1. 


2. © should be selected from the condition that the sum of Cp and 
c* equals capacitance C., calculated for the highest frequency in the 
same scheme, 
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Variable frequency induction machines 


9. After selecting capacitances C and Cp, the resistances 
should be determined from formulae (5) and (6). 


Altogether, we can obtain regulation characteristics 


te 


‘(F) (Fig. 3b) in the event of the values of capacit 

constant (C = and = 40 wf). 

In the case 
than that, when 
connexion of capacitors in the secondary circuit wil] not ensure that 
the necessary reactive currents are produced, Capacitors are there fore 
connected in parallel] to the load (Fig. 44). 

After transformat 
The equivalent impedances 


lae 


160 


Pig. 4. Squivalent circuit of an asynchronous generator 
with additional resistances in the rotor circuit and cap- 
acitors in parallel to the load (ce), the corresponding 


equivalent network (6) and the vector diagramof currents 


and e.m.f. (c). 
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Variable frequency induction mchines 


Using Fig.4b and the appropriate vector diagram Fig.4(c), we can 
obtain the following fundamental dependencies of frequency and mag- 
netization reactance on the parameters of the scheme and the speed of 
the generator in the same way as before, when capacitors were connec- 
ted in the rotor circuit: 


4R~ (x, FP 


R 


2 


Ignoring the resistance of the stator winding, the condition for 
regulating the generator at a constant load torque is x pe = const, 
Therefore, given the frequency, we can find resistance R,, and 


| 


0 1 
0.5 10 


relationships of FR, = f(F) and C = f(F) for the 
equivalent circuit-in Fig.4 (a). 


capacitance C from eqmlities 11 and 12 if we have definite values for 
the load and ru. The connexion of resistance R. and capacitance C as 
in Fig. 4(e) ensures the desired operating conditions, As an example, 
Fig.5 presents curves for Rf, = f(F) and C, = f(F) when s w= 58 Q2, 

@ = 1.5, 1; = 3.3 A, 2759 = 58.6 + 44.3 and£ = 235 V. 
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Variable frequency induction machines 


An increase in capacitance wil] lead to an increase in slip (in 
absolute magnitude) and consequently to a reduction of the frequency of 
the current under regulation, In its turn the latter circumstance 
causes an increase in the reactance of the capacitors, thereby reducing 
the slip. It is therefore necessary to introduce an active resistance 
into the rotor circuit. This will increase slip. We can try to get a 
magnetization current of constant value by the appropriate choice of R, 
and C, in so far as the introduction of RF, causes this current to 7 
decrease, and an increase in C causes it to increase, 


Although the connexion of a series-connected variable impedance and 
constant capacitance to the stator terminals enables us to avoid having 
to switch the capacitors, it brings about a sharp reduction in efficien- 
cy and the steady output of the generator is exceeded, It is therefore 
expedient to make use of the scheme given in Fig.6 to obtain high fre- 
quencies, 

From the equations for the balance of active and reactive outputs in 
the generator-load system we obtain 

COs Ve 


Equation (14) determines the magnitude of Ry for the given frequency F, 
load z, and reactance xu at constant values of the remaining para- 
meters: 


whilst equation 13 determines the magnitude of R,. 


Analysing expression (15) arccan obtain the relationships for selec- 
ting the capacitances of the capacitors C and Cry: 
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System of connecting capacitors and resistances for 
a high frequency asynchronous generator. 


Since capacitance C can be expediently selected from the highest 


limit of the range of frequency regulation, and capacitance Cp, from 
the lowest limit, the theoretical] formulae have the forn 
sin 9] 


sin 


are the upper and lower limits of the range of fre- 


where F, and F 
1 2 
quency regulation in the scheme in question; 


201 and z), are the total] load impedances corresponding to fre- 


quencies Fy and F.. 
consumable output and current on 


The dependencies of efficiency, 
4A, 


frequency are shown in Fig.7 for the case when x pe = 58 Q, l = 
a= 1.5, i) = 58.6 + j44.3, C = 35 pe F and ri = 35 fa Fr. 

In order to produce medium frequencies (0.5 < F < 1.1), it is 
advisable to connect the capacitors in the stator and rotor circuits, 
he equivalent circuit for the asynchronous machine and that for this 
case are both shown in Fig. 8. 


Equations can be obtained from the equilibrium state of the active 
jetermine the parameters for this system 


and reactive outputs so as to 


of connecting the capacitors and those for the impedances as well, 


in the capacitance 


in order to bring about a considerable decrease 
to ma) t unnecessary to switch the 


the rotor 


well, u ma} nade of the system shown in Fig.9, The 


same way as that for 
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Variable frequency induction machines 


Characteristics of generator when capacitors and 
resistances are connected as in Fig. 6. 


R 


+ 


Fig. 8. Substitution circuit (a) and equivalent circuit 
(6) of a machine when capacitors are connected in the 
rotor and stator circuits. 


Thus the appropriate contro] system for variable frequency genera- 
tors should be selected as a function of the required range of frequency 
regulation, Systems can be combined for large ranges of regulation, 

Use may thus be made of the system of connecting the capacitors and 
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Variable frequency induction machines 


additiona] resistances as shown in Fig. 10. 


Fig. 9. Equivalent circuit for the sec- 
ondary circuit of a medium frequency 
generat or. 
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Typical excitation circuit for a generator with a 
wide range of frequency regulation. 


Contact K is closed when F = 1.1 to lL. id frequency 
by varying resistancs Ry und Ff... At medium frequencies 
1.1) contact K remains closed, resistar 
withdrawn and the magnitudes of r. and 


(F (0.5) contact kK opens, resistance f, 15 complete! 


regulation is effected by resistances r, and Ff, 


Conc lusions 


1. It is necessary to vary two parameters of the system to maintain 
optimum operating conditions for asynchronous self-exciting generators 
of variable frequency supplying an electrical motor. Continuous vari- 
ation of frequency can be produced over a wide range (up to 10 to 15). 


fficiency of the generator can be increased at low frequen- 
anging dow! he speed of the drive motor, 


apacitors necessary to excite a 1.7 kW 
maximum range of regulatior 
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Variable frequency induction machines 


4. It is not advisable to use a machine with a low secondary voltage 
as a variable frequency generator. The generator should have a sl ight- 
ly smaller resistance in the rotor winding than that in a conventional 


induction machine. 

5. It is necessary to take into account the losses in the active 
resistances of the machine stators when selecting the output of the 
generator on operation at low frequencies. 


Symbols 


relative frequency; 
relative slip; 
relative speed of generator; 


synchronous speed at 50 c/s; 


ry, =) and 2) resistance, reactance and total] impedance of 
the load; 


Ty, Up, Py and cos @ | current, voltage, power and power factor of the 
load; 

impedance, voltage and power of the load at 

50 c/s; 


“150 Piso 


capacitance of capacitors at 50 c/s; 
reactance of the magnetization in the machine at 
50 c/s; 


- magnetization current. 


Translated by O.M. Blunn 
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THE ELECTRICAL AND PHYSICAL PROPERTIES OF 
ELECTRICAL INSULATING MATERIALS 


K.A. VODOP’ IANOV, B.I. VOROZHTSOV, G.I. POTAKHOVA and 
N.I. OL’ SHANSKAIA 


(Siberian Physico-Technical Institute at the 
Tomsk State University) 


ecember 1959) 


Introduction 


There is as yet little published information about the effect of 
radioactive radiation on the electro-physica] properties of industrial] 
electro-insulating materials, The physics of the phenomena taking 
place in them are still unknown, However, the practical] use of atomic 


energy on a large scale for peaceful purposes requires a physica] 
generalization of the radiation resistance of a number of electrical] 
insulating materials, such as are used in electrica] and radio engine- 
ering plant and equipment experiencing radioactive radiation, 


The present paper introduces experimenta] data obtained by a study 
of the effect of gamma-radiation on the electro-physica] characteris- 
tics of high polymer dielectrics, silicone-organic and phenol - 


formaldehyde plastics, 


Irradiation was effected by a betatron construction at the Tomsk 
Polytechnica] Institute with a gamma ray energy of 15 WeV and a dose 
rate of 300 to 1200 roentgen per min, Dielectric specimens were 
exposed at different temperatures (-60, +20 and +60°C) and under con- 
ditions of tropica] humidity (temperature + 40°C and relative humidity 
of air 98%). 


Measurements were taken of electrical] strength, the temperature de- 
pendence ef electrical] conductivity and mainly the temperature and 
frequency dependencies of the dielectric loss angle and the dielectric 
permeability of electrical] insulating materials before and after 
irradiation by gamma-rays, 


* Elektrichestvo, No.5, 60-66, 1960. 
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Flectrical insulating materials 


High molecular substances 


The temperature-fre quency dependencies of dielectric permeability 
and the dielectric loss angle in polyethylene, fluoroplast - 4 and 
product -— 10 before and after irradiation by gamma-rays are shown in 
Fig.1. It is seen that dielectric permeability and the loss angle are 
independent of the effect of radiation under norma] conditions in all 
three dielectrics over the measured frequency and temperature ranges. 
It is apparent that an actual dose of 50,000 roentgen is insufficient 
to cause a change in dielectric permeability and the loss angle. It 
can be seen from Fig.1(c) that the dielectric loss angle is only in- 
creased slightly in the case of fluoroplast - 4 even at a dose of 1 
million roentgen and above; the variation here in the loss angle of 
product - 10 was within the limits of error allowed for the measure- 
ment. The irradiation of polyethylene under normal conditions at ~70°C 
did not lead to changes in the mechanism of losses, polarization and 
the absolute values of dielectric permeability, the loss angle (Fig.2b) 
and electrical] strength. The loss angle and conductance increase 
(Fig. 2a) after the exposure of polyethylene at low temperatures (t = 
= -70°C); *xposure under tropical conditions (t = 40°C and relative 
humidity 98) leads to a reduction of the loss angle in the low fre- 
quency region (Fig.2c) and an increase in volume resistance. 


Consequently, the processes taking place in the polyethylene on 
exposure to gamma-rays are a function of temperature conditions. It 
may be supposed that the effect of ionization should be at a maximum in 
exposure under low temperature conditions since a brake is put on the 
recombination of the radicals; this leads to an increase in the con- 
ductance and dielectric loss angle. The variations in the specific 
yolumetrica] resistance and loss angle of polyethylene, caused by 
irradiation under tropical] conditions, are apparently produced by the 
interaction of the products of water radiolysis with the molecules of 
the polymer. 


Independently of irradiation it is of interest to elucidate the 
character of the dependence of the loss angle on the frequency and tem- 
perature of the polymers under investigation. 


Polyethylene, fl uoroplast-4 and product-10 are usually regarded as 
non-polar polymers with low values of dielectric permeability and the 
loss angle. Our experiments have shown (Fig. le and 6) that frequency 
and temperature maxima do exist in polyethylene for the dielectric loss 
angle, these maxima being caused by the oriented polarization of the 
polar groups C = 0, 


Fluoroplast-4 can also be regarded as a weakly polar dielectric and 
the need to increase the loss angle with increasing frequency is there- 


by. 


Electrical insulating materials 


fore apparently caused by the orientation of the polar groups appearing 
in the composition of fluoroplast-4. 


hand 


Fig. 1. Dependence of the dielectric loss angle on frequency 
(a), temperature (6) and dosage (c). 
1 polyethylene; 2 ‘‘product-10"; 3 ‘‘fluoroplast - 4’’. 
For (a) and (b) the dosage is 50,000 roentgen; 0- non-irradia- 
ted material; xX —- irradiated. 


Fluoroplast-4 is usually regarded in electrical] and radio engineer- 
ing practice as a good high quality dielectric. It is however neces- 
sary to bear in mind that the loss angle of fluoroplast-4 begins to 
increase noticeably at frequencies higher than 107 c/s (Fig. la) and 
that its absolute value becomes considerably greater than that of 


polyethylene and product-10, 


Compared with polyethylene and fluoroplast-4, the loss angle of 
product-10 is considerably less dependent on frequency and temperature. 
This is evidence that there are no dielectric losses of a dipole 
character over the measured temperature and frequency ranges in 
question, 


There was no change in the dielectric permeability of fluoroplast-4 
and product-10 before and after exposure as a function of frequency and 
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Electrical insulating materials 


temperature. A small decrease in the dielectric permeability of poly- 
ethylene occurred with an increase in frequency. 


é 

4 
3 
2 


Fig. 2. Dependence of the ¢€ and tan 5 of polyethylene on 
frequency. 

a - irradiated at t = -70°c: 6- irradiated at t = ~70°C; 

¢ - irradiated under tropical conditions. 1-¢€; 2- tan 8: 

0 - non-irradiated material; X — irradiated 


Thus the high polymer dielectrics of the polyethylene, fluoroplast 
and polystyrene types undergo no noticeable change in their properties 
on irradiation with gamma rays under normal conditions right up to l 
million roentgen, i.e. they are radioactively stable. 


Silicone-organic plastics and rubbers 


SKW-1 type glass textolite is made in silicone-organic resin and 
based on methy] trfchlorsilane and phenyl] trichlorsilane bonding agent, 
i.e. it contains polar molecules. Glass textolite wil] therefore have 
polarization and dielectric losses of a dipole character over the 
appropriate temperature and frequency ranges; losses of an ohmic 
character with a large value of specific conductance are possible 


other ranges. 
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It can be seen from Fig.3 that the dependence of the loss angle on 
the frequency has a blurred maximum, The maximum loss angle with the 
corresponding change in dielectric permeability is also discovered in 
the temperature dependence, despite the fact that the temperature be- 
haviour of the loss angle is mainly due to the change in conductance 
(Fig.4). The dependence of electrical] conductance on temperature is 
shown in Fig. 5. 


ay 


Fig. 3. Dependence of the tan Sof SKY - 1 type glass 
textolite on frequency under different conditions of 
gamma-radiat ion. 

Dosage 100,000 roentgen. 

0 - non-irradiated; X irradiated; t= 20°c; Q- 
irradiated, t = 60°C; Oj - irradiated, t = -60°C; 0 - 
irradiated (tropical conditions). 
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-80 -40 0 40 80 120 160 200 240 “C* 


Pig. 4. Dependence of the € and tan 8 of SMK-1 glass tex- 
tolite on temperature at f = 5 x 10° c/s and under different 
conditions of gamma-radiation. 
Dosage 100,000 roentgen. 
1 2- Designations as in Fig. 3. 
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80 120 160 


Fig. 5. Dependence of the pv of SKN - 1 glass textolite 
on temperature under different conditions of gamma-radia- 
tion. Dosage 100,000 roentgen. Designations as in Fig.3. 


As the experimental] data refer to irradiated and non-irradiated 
specimens at different temperatures (-60, 20 and +60°C) and under 
tropical conditions, it is of interest to analyse them as a function of 
the conditions of exposure to gamma-rays. A notable increase is seen in 
the dielectric loss angle in the low frequency region as a result of 
irradiation at room temperature (Fig.3) and at high temperatures (Fig.4). 
This is apparently caused by the increased electrical] conductance of 
the glass textolite (Fig.5). The electrical] strength of glass tex- 
tolite was practically the same before and after exposure and equalled 
28 to 29 kV/mm, As can be seen from the experimental] data, exposure at 
-~60°C does not noticeably change the electrical properties of glass 
textolite. It is possible that annealing of the radiation disorders 
takes place at high radiation temperatures, i.e. the probability of the 
ionized fragments re-combining is increased. The probability of re- 
combination is very small at low temperatures and a change is therefore 
to be seen in the dielectric permeability and loss angle of glass tex- 
tolite as a result of radiation at low temperatures (-60°C). The loss 
angle increases considerably over the 50 to 10° c/s range. This 
increase takes place over all] the measured range of temperatures (Fig.4). 
Dielectric per: eability falls considerably after irradiation at -60°C, 
There is no noticeable change in the electrical strength and electrical 
conductance of glass textolite as a result of irradiation at low tem- 
peratures, 


The irradiation of glass textolite under tropical conditions leads to 
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an increase in the dielectric loss angle at low temperatures, but no 
change occurs in the character of the dependence of the loss angle on 
frequency. There is a decrease in the loss angle in the temperature 
behaviour of the dielectric permeability and loss angle, especially at 
high temperatures. A reduction in dielectric permeability takes place 
over the whole range of temperatures. Electrica] conductance increases, 
but electrical] strength falls after the irradiation of glass textolite 


under tropical] conditions, 


Irradiation leads to radiation disorders due to the interaction of 
the products of water radiolysis absorbed by the glass textolite with 
the ionized molecules of the polymethyl] trichlorsilane, 


It can thus be regarded as established that the greatest changes in 
the dielectric characteristics of SK)-1 type glass textolite take place 


as a result of irradiation by gamma-rays at a dosage of 100,000 roentgen 


at low temperatures and under conditions of tropical] humidity. 


3 


Dependence of the € and tan 5 of 14r - 2 type rubber 
on frequency. 
Dosage 50,000 roentgen. 0-non-irradiated 
material; X irradiated. 


Widespread use is made of l4r-2, l4r-6 and l4r-15 type silicone- 
organic rubbers in the electrica] engineering industry. They are al] 
based on SKT - type silicone-organic rubber with different fillers, 
namely, I4r-2 titanium dioxide, l4r-6 powdered silica gel] and zinc 
white (oxide) and l4r-15 powdered silica gel, zinc white and ‘‘redoxide”. 


Figs. 6 and 7 show the dependencies of dielectric permeability and 
the loss angle on frequency in the case of the l4r-2 and l4r-15 type 


rubbers. 
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Pig. 7. Dependence of the € and tan § of 14r - 15 type 
rubber on frequency under different condit ions of gamma- 
radiation. 
l-e€; 2- tan 5. Dosage 100,000 roentgen. Nesigna- 

tions as in Fig 


The dielectric losses are ohmic in character in both cases, i.e. the 


an increase 
to gamma-rays 


loss angle diminishes with increasing frequency. There is 
in the loss angle in the case of l4r-2 rubber on exposure 
under room temperature conditions, but it decreases here in the case of 
l4r-15 rubber. As can be seen from Fig.7, the decrease in the loss 
angle is greatest during irradiation under low temperature condit ions 
(-60°C). 

The dielectric permeability of both rubbers remains unchanged before 


and after exposure at different temperatures. It only increases un jer 


tropical] conditions, especially in the low frequency range. it elec- 
trical conductance of 14r-2 rubber increases after irradiation, 
especially at low temperatures (Fig. 8). 


Analogous qualitative results were produced in the case of l4r-6 

type rubber. In this case, when the rubber was completely polymerized, 

its exposure to gamma-rays brought about an increase in conductance and 

the loss angle, The reverse picture was produced in the case of incom- 

pletely polymerized specimens of rubber. This can be seen particularly 

from the behaviour of the dielectric permeability and the loss angle in 

l4r-6 rubber (Fig.9). After irradiation at room temperature, a decrease 
takes place in the dielectric permeability and loss angle. 
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1960 
Pig. 8. Dependence of the Pp. of l4r-2 


type rubber on temperature. Dosage 
100,000 roentgen. 0- irradiated material; 
X irradiated. 


Fig. 9. Dependence of the € and tan 84 of 
l4r—6 type rubber on temperature. 


It is characteristic of al] kinds of rubber that exposure to gamma- 
rays brings the process of polymerization in incompletely po] ymerized 
rubber to its fina] stage, whilst the heat treatment of the rubber 
removes the effects induced by exposure to gamma-rays, 


Thus normal rubber, irradiated by gamma-rays, does change its 
electro-physica] properties, The conductance and dielectric loss angle 
increase. Electrica] permeability varies a little, The use of gamma- 
radiation may be recommended for speeding up the polymerization of raw 
rubber, 
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Phenol-formaldehyde plastics 


AG-4 type plastic is based on phenol- formaldehyde resin with a filler 


in the form of glass fibre. Fig. 10 shows the frequency relationships 
of dielectric permeability and the loss angle of specimens of AG-4 type 
plastics before and after irradiation under different conditions. 


Fig. 10. Dependence of the € and tan 5 of AG-4 type plas- 

tic on frequency under different conditions of gamma-radi- 

ation. 1-€, »>.~tand. Dosage 100,000 roentgen. Des- 
ignatfons as in Fig. 3. 


As can be seen from the diagran, irradiation of AG-4 type plastic 
under the stated conditions at a dosage o! 100,000 roentgen does not 
change the character of the dependence of the dielectric losses, but 
a noticeable difference is apparent in the absolute values of the loss 
angle in specimens of irradiated and non-irradiated plastic in the low 
frequency region, Whereas there is only a sma]] increase in the loss 


] a) to 10° 


angle in the region of the lowest frequencies (iron 
after irradiation at 20°C, the loss angle increases considerab ly 

under tropical conditions as well as at t = -60°C and differs from the 
loss angle in non-irradiated specimens over a wide range of frequencies. 
This difference decreases with increasing frequency. Irradiation at 
60°C practically leaves the loss angle unchanged over the whole range 
of frequencies. 


No variations in the dielectric permeability of AG-4 type plastic 
were detected after irradiation over the measured range of frequencies 
under al] the conditions under consideration, 


A study was made of the temperature dependencies of the loss angle 
dielectric permeability of irradiated and non-irradiated AG-4 type 
under different conditions at different frequencies from 50 to 
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108 c/s, Some he tharacteristics are given in Figs. 11 and 12. 
As can be seen from tl liagrams he character of the temperature de- 
pendencies of t los ig le > same in al] e investigated 
specimens, but a differ ag apparent in the absolute values of 
the loss ang] irradiated an i-irradiated specimens in the region 
of low frequencie in tl ney relationships, the difference 
is larger r sj mens irradiated at -60°C and under tropical con- 
litions. st i m rradiated at 460°C, It can als 
be seen from t! liagrams tha I livergence in the absolute values of 
the loss angle in irradiated and -irradiated specimens increases 
with increasing ter “ature and ‘rease th increasing frequency. 
Whereas the absolute val f the loss angle are considerably different 
at low frequencies in non- irradi specimens or specimens irradiated 
under different nditions at high temperatures, all] the curves fal] 
within the limi al] 1 for the in measurement at a frequency 


of 108 c/s 
1960 


) 4 60 80 100 170 ) 160 180 200°C 


the € and tan § of MG-4 type plas- 
nm * = 10° c/s and under different 


conditions of gamma-radiat ion 


"80-60-40 -20 0 40 60 80 100 20 40 60 


Pig. 12. Dependenceof the € andtan 6 of AG-4 type plastic 
on temperature when f = 106 c/s and under different con- 
ditions of gamma-radiat ion 
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Weakly expressed maxima for the loss angle can be seen in the tem- 
perature dependencies of the loss angle in all the specimens under 
investigation at a frequency of 106 c/s. 


No notable variation is detected in the dielectric permeability of 
specimens of AG-4 type plastic after irradiation under different con- 
jitions and at high temperatures. No variation at all is seen in the 
value of electrical strength before and after irradiation (£,, = 
= 15kV/mm). 


Fig.13 shows the frequency dependencies of dielectric permeability 
and the loss angle of K-114-35 type plastic, whilst Fig. 14 shows the 
temperature dependence of the loss angle in K-211-3 type plastic. AS 
can be seen from the diagrams, a very smal] increase obtains in the 
absolute value of the loss angle in K-114-35 type plastic in the region 
of the lowest frequencies after exposure, however, in the case of 
K211-3 type plastic, the difference in the value of the loss angle in 
irradiated and non-irradiated plastic increases with increasing ten- 
perature and decreasing frequency. There is no difference at a high 
frequency (106 c/S). 


The loss angle in FKPi-25 type plastic varies along a curve with a 
maximum as a function of frequency and temperature, The values of the 
loss angle agree in irradiated and non-irradiated plastic. 


aN 
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Dependence of the € and tan § of K-114-35 type 
plastic on frequency. 
2 — tan 5. Dosage 48,000 roentgen. ) -— non- 
irradiated material; X - irradiated. 


All the pla.tics under consideration are based on different modifi- 
cations of phenol-formaldehyde resins, Phenol-formaldehyde resin is a 
polar resin, Tis causes a weak degree of polarity in the plastics 
under investi .tion, The losses of energy in these plastics when 
placed in an electrical field will be determined by relaxation processes 
and conductance. In fact the temperature dependencies of the loss angle 
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in AG-4 plastic, taken at high frequencies, do have a weakly expressed 
maximum (Fig. 12). A similar maximum also obtains for FKPM-25 type 
plastic, The great losses of conductance in the temperature dependen- 
cies of the loss angle in AG-4 and K-211-3 type plastics mask the loss 
angle maximum, typical of relaxation losses (Figs. 11 and 14). Like- 
wise, no maximum obtains in the frequency dependence of the loss angle 
in AG-4 type plastic taken at room temperature, but it is detected when 
studying the frequency dependence at -60°C, when the conductance losses 
are considerably reduced (Fig.15). Conductance losses prevail in 
K114-35 and K-211-3 type plastics under the conditions in which the 
measurements were taken; dependencies of the dielectric loss angle 

on temperature and frequency which are typical of ohmic losses are 


therefore produced, 


0 20 40 60 89 0 180 0 C 

Fig. 14. Temperature — frequency dependence of tan § for 
K-211-3 type plastic. Dosage 48,000 roentgen. 
0 non-irradiated material; xX irradiated. 


1- 10° c/s; 2 and 3- 10° c/s; 4 and 5 - 50 c/s. 


Comparing the temperature and frequency dependencies of the loss 
angle in non-irradiated and irradiated specimens of the same plastic, 
the conclusion can be crawn that exposure to gamma-rays under the above 
conditions (temperature, dosage, power of radiation) does not alter the 
character of losses in plastics. It-can be stated on the basis of 
experimental] data (Figs. 12 and 15) that no change occurs in the 
absolute magnitude and position of the loss angle maximum, This 
denotes that the number and degree of fixation of relaxing particles do 
not change as a result of gamma-radiation, Analysis of Figs.10, 11, 13 
and 14 shows that an increase in conductance losses occurs after the 
attack of the gamma-rays, This is probably connected with ionization 
inside the materia] during irradiation, This change is more marked 
after the attack of gamma-rays under tropical conditions and at low 
temperatures (-60°C), an improvement taking place as the temperature at 
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which the plastic is irradiated rises, This is probably explained by 
the fact that ‘‘ heat treatment’’ of the radiation disorders takes 
place at high temperatures owing to the further intensification of 
thermal] movement. 


Fig. 15. Dependence of the tan § of AG-4 
plastic on frequency when t = -60°C. Do- 


sage 100,000 roentgen. 0 - non- irradiated 
material; irradiated. 


Fig. 16. Dependence of the tan § of 
dielectrics on frequency before and after 
radiation. Dosage 48,000 roentgen. 
1 - AG-4 plastic; 2 —- K-114-35 plastic; 
3 — product 10, 0 — non-irradiated 
material; irradiated. 


An increase in conductance losses thus obtains in AG-4 and K-211-3 
type plastics after exposure to gamma-rays (under the stated conditions); 
relaxation losses are practically constant. This causes an increase in 
the loss angle under those conditions where the conduction losses are 
large, i.e. at low frequencies and high temperatures, What has been 
said holds good for many electro-insulating materials. Curves are shown 
in Fig.16 characterizing the dependence of the loss angle on frequency 
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for AG-4 an ype plastics and the high molecular polymer 
known as produc : ie investigated dielectrics have different 
values for electrical conductance and the dielectric loss angle, NG-4 
type plastic is characterized by large electrical] conductance and loss 


angle values; hese values are medium in the case of K-114-35 type 


1] in the case of product 10, It can be seen fron 


Plastic and sma 
Fig. 16 that it! he same 
jecrease in the loss angle with a high frequency in AG-4 type plastic, 


losage of gamma-rays we have a sharper 


‘iation in the loss angle in an irradiated specimen in 
comparison with a non-irradiated specimen, A similar relationship, 
more weakly expressed, obts in the case of K-114-35 type plastic. 
The weak dependence of the loss angle on frequency and only in the 
region of low frequencies obtains in the case of product 10, where the 
loss angle in non-irradiated and irradiated specimens is the same over 


the whole range of frequencies. 


Conclusions 


1. High polymer dielectrics of the polyethylene, fluorplast and 
polystyrene types experience no change in the mechanism of dielectric 


losses and polarization on exposure to gamma-rays with a dose up to 


106 roentgen at room temperature, The absolute values of dielectric 
permeability, loss angle and electrica)] strength remain unchanged, 


2. It has been established that the greatest variations in the 
dielectric characteristics of SKW-1 type glass textolite take place as 
a result of irradiation at low temperatures and under conditions of 


tropica] humidity. 


Considerable variations in the dielectric loss angle and dielectric 
permeability take place as a result of irradiation at reduced tempera- 
tures and under conditions of tropical] humidity. 


Considerable variations in the dielectric loss angle and dielectric 
permeability take place as a result of irradiation over the low fre- 
quency range. 


3. The electro-conductivity and ohmic part of the dielectric losses 
in silicone-organic rubber increase after irradiation. The induced 
conductivity and dielectric losses connected with this are ‘‘annealed’’ 
with the appropriate heat treatment of the rubber. Gamma-radiatiam of 
raw rubber accelerates the process of vulcanization, 


4. There is an increase in conduction losses on irradiating phenol- 
formaldehyde plastics (AG-4, K-114-35, K-211-3 etc) by gamma-rays, The 
most appreciable change in the loss angle obtains after irradiation at 
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low temperatures and under tropical conditions, 


The dielectric permeability and electrical strength of phenol- 
formaldehyde plastics do not change after attack by gamma-rays in the 
conditions under consideration, 


The conclusion can be drawn from an analysis of the above experi- 
mental data that the radiation resistance of electrical insulating 
materials depends on the physico-chemical properties of the substances 
and their structure on the one hand and on the external] conditions 
under which the dielectric is irradiated and investigated on the other, 
In our opinion, the most important criterion of the radiation resis- 
tance of a dielectric is the character of the polarization and die- 


lectric loss in one or another range of temperatures and frequencies. 
When dielectric losses are ohmic in character there is a notable change 
in conductivity and the dielectric loss angle when the dielectric is 
160 under attack by radioactive radiation. With dielectric losses of re- 
laxation or dipole character there is no not able change in the loss 


angle and conductivity. 


Thus, it is necessary to know the character of the polarization and 
the dielectric losses before giving a conclusion relative to the resis- 
tance of electrical] insulating material to gamma-radiation at appro- 
priate dosage and intensity, i.e. it is necessary to have the tempera- 
ture- frequency characteristics for dielectric permeability and the die- 
lectric loss angle. 

The authors express their thanks to V.D. Dedkov, EA. Zimin, 

Lavrov, T.G. Mikhailov, Nesmelov, T.B. Nedokos, L.A, Prudnikov, 
G.V. Sitozhevskii and A.I. Tovbin for their active participation in the 


exper iments. 


Translated by O.¥. Blunn 
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DESIGNING COOLING SYSTEMS FOR 
SEMICONDUCTOR TRIODES* 


FEDOROV 
(Moscow) 


Peceived 1° October 7959) 


Great value attaches to the cooling of large semiconductor triodes in 

the development of different kinds of apparatus in view of the fact 1960 
that full use cannot be made of industrial type triodes without 

additiona] heat dissipation, 


It is known that the maximum power which a semiconductor triode can 


dissipate equals 
(1) 


where ¢. is the maximum permissible temperature at the collector junc- 
tion; 


- the ambient temperature; 
- the tota] thermal] resistance of the system, 
The equivalent electrical circuit for the thermal! process in the 
system embracing the semiconductor triode and surrounding medium is 


shown in Fig.1. The tota] therma] resistance consists of four thermal] 
resistances in individual] sections, In other words 


+R 


4 


where R, , is the interna] thermal] resistance of the triode; 
- the thermal] resistance of the radiator; 


ro the therma] resistance of the junction between the body 


© Elektrichestvo, NO.5, 73-76, 1960. 


| (2) 
t. 
R t. 
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of the triode and the radiator; 


the thermal resistance between the body of the triode and 
the surrounding medium, 


Reb 7 


A reduction in total thermal] resistance is only possible by reducing 

R ; and R, ,. since the remaining terms in expression 2 are parameters 

of the type of triode in question, It follows from equations 1 and 2 

that the thermal resistance of the radiator and junction between the 
body of the triode and the radiator f, , equals 
t.b 


Res =R. R.. Ree POR 


where t, = ¢ is the temperature of the body of the triode. 


J 

When designing cooling systems it is necessary to determine the 
dimensions of the radiator for the selected difference between the tem- 
peratures of the collector junction and the surrounding medium, and the 
definite dissipated power of the triode. 


The value of fh, . can be calculated from formula 3 if the thermal 
resistance of the triode body is known, since the remaining parameters 
are either given or known, 


Pig. 1. Equivalent circuit for the thermal 
processes in triodes with a radiator. 


The thermal resistance of the triode body is determined experimen- 
tally and from catalogue data in which the maximum dissipated power is 
given without a radiator at a definite ambient temperature and the 
largest permissible temperature of the collector junction, 


The thermal] resistance of the body equals the difference between the 
total thermal] resistance of the triode and its interna] thermal] resis- 


tance, i.e. 
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where Rf: is the tota] therma] resistance of the triode without a 


tt 
cooling system, 


To calculate the value of Ris , it is necessary to find the tenm- 
perature of the collector junction at the known dissipated power, Here 
it is necessary to plot the dependence of the reverse collector current 
on temperature for several triode models, In practice the temperature 
of the junction is equa] to the ambient temperature when the reverse 
collector current is passing. AS an example, Fig.2 shows the variation 
in the reverse collector current I, . in a P4aV type triode as a func- 
tion of temperature. 


20 40 


The dependence ;) for a P4V type triode 
when (, = 2 Vv. 


The temperature of the collector junction in the working state of 
the triode is determined from the measured value of the reverse col lec- 
tor current and the relationship I, ¢ = f(t;). The reverse collector 
current is measured at the established junction temperature (20 to 30 
min after switching on) and in the absence of strong draughts of air, 
The power evolved in the triode is measured by conventional] pointer 
instruments, but the reverse collector current is measured by an elec- 
tronic instrument, The disconnexion of the emitter circuit and the 
measurement of the reverse collector current should take place as 
quickly as possible, use here being made of a high speed relay, The 
system of measurement is shown in Fig. 3. 


During the measurement, the collector voltage should be between 2 
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and 5 V so as to have less effect on the amount of reverse current. 
After determining the temperature of the collector junction, the value 


of Ris can be found from expression L 


© 


i 


] 


Relay winding 
supply 


Pig. 3. System of measuring the reverse collector current. 


The design of the radiator therefore entails the determination of 
the area of the radiator as regards its thermal resistance Re ps since 
in the majority of cases the thermal resistance of the junction between 
the body and the radiator is many times less than Re when the neces- 
sary conditions are satisfied and it can be ignored, 


The method of calculating the thermal resistance of plates is given 
in the published literature (1). Unfortunately, it is impossible to 
use this method to calculate the area of a radiator with a known thermal 


resistance of the radiator. But it can be determined from the curves 


given in Fig.4, calculated from the following formulae: 


fot lamb 
= 


av 


— 4.6e( 
4.6e\ 1+ 
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“OC § 5 2% Bem 


Fig. 4. The dependence Re = f(r.) for ‘“‘dural’’ radia- 
tors ( = 200) in a P4 type triode whent) temp = 40°C . 
= lem; 2- = 2mm; 3- = 3mm; 4- = 5mm. 
black radiator; - - - - bright radiator. 

a the coefficient of heat transfer by radiation, 
Sonn = the coefficient of heat transfer by convexion; 


a — the tota] heat transfer coefficient: 
€ - the blackness factor of the body; 


r - the equivalent radius of the radiator, m; 


(9) 
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.- the area of the radiator (one side of plate), m2; 


\ - the heat conductance of the material; 
§ - the thickness of the material; 


Ip (aro), I; (arg), I, (mr), Ko (ro), Ky (mro). Ky 
- Besse] functions from (arp) and (mr,); 


ro 7 radius of the area of contact between triode and radiator, a; 


2 - coefficients. 


It should be mentioned here that the theoretical thermal resistance 
of the radiator, the equivalent radius of which is determined from 
expression 7, has a slightly increased value compared with the actual 
value in practice. In the event of use being made of the radiators 
described below with complex shapes, the stated discrepancy between the 
magnitudes of resistance diminishes. The experimental] and theoretical 
relationships FR, , = f(,,) siven in Fig.5 show that there is fairly 
exact agreement. 

Investigating the coefficient MT it can be stated that a Rink arises 


in the curve for # when ar, ~1, and a further increase in mr, does not 
lead to any appreciable increase in wb. 


0 
0 25 50 75 G5 150 cm 


1 


Fig. 5. Theoretical and experimental dependencies of R, ge 
= f(r.) for “dural” radiators 3mm thick in P4 type triodes. 


The investigations showed that radiators can be conveniently designed 
according to the optimum equivalent radius 
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/ ie 


Besides, the radiator here has the least therma] resistance at the given 


expenditure of meta] (in weight). 


If the optimum radius is introduced into equation (9), a simpler ex- 


pression is obtained for yb after certain transformations: 


(13) 


The dependencies of the optimum equivalent radius on the thickness 
the radiator materia] and of thermal] resistance on the optimum 


equivalent radius are shown in Fig. 6. 


Opt 
§ © Bom 


Fig. & Theoretical dependencies of the optimum radius on 

thickness (a) and of thermal resistance on the optimum ra- 

dius (+), for a radiator made from ‘dural’ at tom, = 
= 40°C in the case of a P 209 type triode. 


is not always possible to use radiators with an 
is often more important to take up 
Hence the need arises for radia- 


But in practice it 
optimum equivalent radius since it 
the minimum space by the radiator, 
tors of more complex shape than plates. 


Condry 2) points out that there is no increase in therma] resis- 
tance if an arbitrary shape is imparted to vertical] plates (without 
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horizontal] sections). In view of this the appropriate experiments were 
made which showed that the above method is also quite acceptable for 
designing radiators, consisting of plates of different shapes. 


Fig.7 shows one of the types of radiator for which it has proved 
possible to use the graphica] method in its design. The area and 
theoretical thickness of this type of radiator equal respectivel) 


Ss. -H (Bn 4+-3L — — 2h(B 


where n is the number of plates in the plane BH; 
~ the thickness of the sheet material from which the components 
of the radiator are made. 


Pig. 7. Drawing of radiator. 


As shown by the calculation, the thermal resistance of black radia- 
tors is 20 to 40% less than that o! white radiators of the same thick- 
ness. It is best to produce black radiators by anodizing since the 
heat transfer factor decreases if use is made of varnishes or paints 
owing to the bad heat conductance of varnish-paint coatings and the 
thermal resistance of the radiator is thereby increased. 


The place where the radiator comes in contact with the triode and 
that where individual] parts of the radiator come into contact should be 
left clean and have a smooth surface. To increase the area of contact 
between the triode and radiator, it is desirable to make use of lead 
foil 80 to 100m thick since the resistance of the junction between the 
radiator and the body of the triode is considerably reduced in this 


case, 


27 
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When designing radiators it is very important to choose the maximum 
temperature for the collector junction correctly. According to cat alo- 
gue data, this is allowed to be within 90 to 100°C depending on the 
type of triode, ) increas ve reliability of the triode in operation 
the maximum permissible temperature of the junction at rated supply 
voltage and maximum dissipated power should be taken as 75 to 80°C, 


The maximum temperature of the collector junction must also be 
reduced on the grounds that the maximum temperature of the sur.ounding 
atmosphere inside the gear cannot always be forecast correctiy. 


Translated by O.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.5, 1960 


An analytical method for determining the dynamics of d.c. 
electro-magnets: A.K. Ter-Akopov (pp. 1-5). 


for the movement 
account the basic 


a formula 


A study is made of the method of finding 
time of the armature which would not only take int« 
parameters the minimum time of movement. Experimental] investigation 
was carried out on an E-shaped magnet made of sheet electrical steel] 

The appropriate measures were taken to conform to the 
Theoretical times were not more than 15 to 

of an optimum produc- 


gauge 0.35 mm, 
theoretical assumptions, 
19% greater than the test vaiues, The existence 
tion force for the minimum time of movement is established. 


The effect of corona on voltage surges in transmission lines: 


G.N. Aleksandrov (pp.6-13). 


Formulae are produced illustrating the relationship between the corona 
discharge effect on overvoltages on the one hand and the parameter of 
the line and the transient processes in them on the other, Surges 
under the influence of corona are lower, the greater the amplitude of 
the voltage compared with the initial corona voltage and the smaller 
the radius of the conductors and the equivalent frequency of the tran- 


sient process, 


How economic factors affect the parameters of networks with 
a distributed load: A.A. Derkach and V.M. Sin’ kov (pp.15-22). 


An attempt is made to find a method which would be free of al] assump- 
tions or technical] or economic limitations and could be used to solve 
equations linking the various forms of expenditure on the equipment and 
operation of electrical] networks in order to ascertain the optimum radii 
at 1 to 3 degrees of voltage, the voltage losses at each degree of vol- 
tage, the voltage losses at each degree of voltage and the economic 


current density. 


Abstracts 


Electromagnetic pumps for molten metals: A.I. Voldek 
(pp. 22-28) 


The paper surveys the method and theory of electromagnetic pump design 
particularly in view of their growing value for nuclear reactors, Dis- 
tinguishing conduction and induction pumps the author describes and 

discusses d.c. pumps, single phase a.c. pumps, cylindrical linear induc- 


tion pumps, spiral induction pumps with rotating inductors and refers 
| 


to other types of electromagnetic ‘‘ pressure pumps’”’ and mixers, 


Variable-polarity excitation of synchronous condensers for 
reactive power consumption performance: N.I. Sokolov 
(pp. 28-31). 


The reactive power a synchronous machine depends on the excitation 
current or the m.f. proportiona] to it for a synchronous resistance, 
the voltage at the terminals and angle of rotor shift (§) relative to 
voltage. After considering the operating conditions of compensators 
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when 82 0, the * considers the regulation of a synchronous com- 
pensator under angles of rotor shift when § # 0 by a simple regulator 
under the con ions of reactive power consumption, The utilization of 
synchronous compensators is increased by 30 to 7%, 


Calculation of commutating flux rise for suddenly applied 
loads: V.A. Iakovenko (pp. 36-39). 


Simplified methods are proposed for calculating the increases in the 
commutation fl]: based on the fact that the load current of a d.c. 
machine varies very slowly. Good agreement is obtained with experi- 


mentally found 


Grid control of mercury are rectifiers by means of half-wave 
magnetic amplifiers: S.S. Roizen (pp. 39-45) 


The introduction of such highly productive equipment as reversing rol- 
ling mills makes special] demands on electrical] drives as regards opera- 
ting speed and control accuracy, The use of a magnetic amplifier with 
an internal feedback for simultaneously creating a steep front of the 
network voltage and displacing this front enables a grid contro] system 
to be developed with a delay time which does not exceed several periods 
of the supply voltage, There is however a limited range of variation 
in the ignition angle and the width of the trigger pulse is variable, 
The single phase scheme is given special] attention, 
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Abstracts 


Calculation of the commutation reaction magneto-motive force 
in d.c. machines for brush overlapping (sparking) greater 
than unity: V.V. Fetisov (pp. 46-50). 


To calculate the transient states in d.c. machines and design dynamo- 
electric amplifiers (amplidynes) it is necessary to calculate the com- 
mutation reaction of the armature, This is considered very complicated 
owing to the complex physical] phenomena of the commutation process, 
After criticizing various other methods the author proposes a method of 
calculation for commutation with brush sparking considerably greater 
than unity which is suitable for usual values of brush sparking in any 
Two examples of the method are given, 


type of armature winding. 


On electromagnetic calculations on d.c. machines which 
account for the cooling of their windings: N.A. Panfilov 


(pp.50-54). 


When the electromagnetic parameters of d.c, 
magnetic flux usually corresponds to the saturated state of the 
netic system and the permissible temperature rise in the windings 
not always ensure that the output of the machine is optimum, Here the 
author considers the determination of the optimum magnetic flux the 
Criteria are produced for evaluating the output or 
machines in which the magnetic 
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machines are selected the 
mag- 


does 


deciding factor. 
temperature rise in the windings of d.c. 
flux corresponding to the saturated state of the magnetic system is 


opt imum, 


Derivation of the integral equations for non-linear circuits 
using operational calculus: M.M. Glinzburg (pp.54-58) 


The calculation of steady state and transient processes in circuits containing 
non-linear elements is facilitated by relating the mathematical opera- 
tions involved in calculating both the linear and non-linear elements 
in the scheme under consideration to the non-linear part of the scheme 
alone. Two examples of the method are given: one example applies to 
the steady state of a valve generator and the other to the dynamic 
stability of a system with three generator stations, 


Calculation of the current in an R-L circuit with half-wave 
rectificatio.: A.I. Glukharev, L.A. Foigel and N.B. Gelman 


(pp 58-60). 


In view o. the practical] difficulties involved in analytically calcula- 
ting the mean value of the rectified current when an active inductive 
resistance is present in the circuit for the use of single half-period 
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Abstracts 


rectification, the authors deduce a simpler analytical dependence of the 
current on the magnitude and relationship between the active resistance 
and inductance. The method is directly applicable to long distance 
transmission systems with an inductive converter when the signal is 
registered by a magneto-electric (moving coil) meter (logometer). 


A transistorized d.c. transducer with internal magnetic 
stabilization: M.E. Poiurovskii (pp.66-70). 


An analysis is made of the performance and design of a converter with 
magnetic stabilization which ensures effective stabilization of the 
output voltage and frequency. The power losses in the feedback cir- 


cuits reduce its efficiency but not significantly. 


Thermo-resistor KMT-14: A.L. Burkin, 0.N. Filippova and 
1.1. Sheftel (pp.71-73). 


An account is given of newly developed Soviet KMT-14 type thermal] resis- 
tances capable of operating at temperatures up to 300°C. 


Non-linear capacitors using Rochelle salt materials: 

M.M. Nekrasov (pp.76-79) 

A tertiary sochelle salt non-linear electrical] system is discussed which is 
claimed to combine high dielectric permeability, negative capacitive cha 
change with applied voltage and low dielectric losses. 
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AN EXPERIMENTAL STUDY OF NEW METHODS OF 
DETERMINING TOE PARAMETERS OF 
A.C. MACHINES* 


M.P. KOSTENKO, E.IA. KAZOVSKII and IA.B. DANILEVICH 


(Institute of Flectro-mechanics, Academy of Sciences U.S.S.R.) 


(Received 12 September 1959) 


Using the theoretical research directed by Academician ¥.P. Kostenko in 
the Institute of Electro-mechanics of the Academy of Sciences U.S S.R., 
E.Ia. Kazovskii Kand.Sc. proposed new methods of experimentally deter- 
mining the frequency characteristics and other parameters of a.c. 
machines as well] as other methods of calculating transient processes in 
machines from the frequency characteristics. To check the utility of 
the new methods, the Institute of Electro-mechanics undertook a detai]- 
ed experimental study of some of the proposed methods. This paper sets 
out the method employed and the results obtained from an investigation 
into a synchronous salient pole GS-1406-6 type machine (320 kW, 400 V, 
1,000 rev/min) with magnetic stator wedges, 


Method of Investigation 


As can be seen from a previous paper [1], there is a definite 
connexion between the frequency characteristic of a machine in the 
steady state with constant rotor slip (diagram of stator current for 
different rotor slips) and the transient processes in the machine. This 
connexion can not only be used to determine the currents and voltages 
of the machine in any transient process from the frequency characteris- 
tic, but also to determine the frequency characteristic from the curve 
for the variation in current in the transient process, 


The simplest transient processes are those of the increase in stator 
current when the synchronous machine is connected to a direct voltage 


* Elektrichestvo, 6, 14-16, 1960. 
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on the stator side and the process of stator current damping when the 
direct voltage feeding the stator of the machine is disconnected by a 
short circuit of the stator winding. With a non-moving rotor this 

particular process was used to determine the frequency characteristic 


of the machine. 


For this purpose oscillgrams were taken of the stator current for 
the two positions of the rotor corresponding to the longtitudinal and 
transverse axes of the machine (Fig.1), the d.c. source here being dis- 
connected from the stator circuit simultaneously with a short circuit 
of the stator winding (with a short circuited rotor winding). The 
correct position of the rotor was checked by measuring the current 
induced in the rotor winding when the stator winding was supplied with 


an alternating current. 


One of these oscillograms is shown in Fig. 2. 


To oscillograph 


To ammeter) 


Principal experimental circuit. 


VVVVVVVVVVVVVV 
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Oscillogram of variation in stator current when the 
rotor is on the longtitudinal axis. 
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After taking the oscillograms the ohmic resistance of the short cir- 
cuited stator circuit was determined as wel] as that of the phase 
winding of the stator. 


Treatment of the experimental data 


The treatment of the oscillograms consists in isolating the exponen- 
tial components from the i = f(t) curve and determining the damping 
coefficient. To do this the curve i = f(t) must be re-plotted on a 
semi-logarithmic scale, Then a straight line drawn through the points 
on the curve until] it intersects the axis of the ordinates (Fig.3) will 
give the value of the current t the amplitude of which decreases 


with the damping coefficient x 
“A 


having plotted the difference i - i,,€ i‘ 


and drawn a straight 
line to its intersection with the axis of the ordinates, we obtain a 
current i,. and so on, In the machine under investigation we in this 
way successfully distinguished three current components for the position 
of the rotor along the d axis and two components along the q axis. 
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y Theoretical analysis shows that the following relationship exists 
between values found for the current components 1.5, teor «+++ fen and 


the frequency characteristic along the axis in question of the 


q/ 8) 


rotor: 


Ar; 
| 
is the ohmic resistance of a phase of the stator winding; 
is the resistance of the connecting conductors of the short 
circuited circuit, and 


s the rotor slip. 
All the quantities in equation (1) are in relative units, 


To perform the calculations and plot the curves we have to proceed 
from the stator current reduced to the rated voltage. 


The initial value of the applied stator current from the oscillogram 


on 
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for the damping of the current equals 1/r as a fraction of the rated 


stator current, if the resistance r is expressed as a fraction of the 


base resistance of the stator, 


lirect current U, j at which the coefficient of 


1 (according t ve first har- 


The value ol ct volts nly appreciable from the point 
iew of saturation nce al] the ca lations and diagrams are based 
an initial valu f the stator current 


l/r it 


Fig. 3. Isolating the exponential components and determining 
the time constants when the rotor is on the d axis 


inder investigation, relationship(1)for the position 
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of the rotor along the d axis has the forn 


0.03 1x 


+ (U8) 


t.() 952y L4 060x 


and for a position along the 


+. 3,300 


If we designate 


JX YS) 


we shall obtain for the required frequency characteristic 


l 
i- a 
x(js) js (a + jo 


The frequency characteristics of the machine in question are shown in 
Fig. 4. 


Fig. 4. The frequency characteristics of a GS-1406-6 type 
machine: 1 — along logtitudinal] axis; 2 - along transverse 
axis. 


We can easily obtain expressious for oT and tS from relationship (1). 
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In fact, 


Likewise 


(4) 


Using the oscillograms of current damping when the stator winding is 
short circuited, we can also obtain the values of the synchronous reac- 


tances and x, (1,2) 


(5) 


\i dt, 


where i is the current according to the oscillogram as a proportion of 
the initial current; 


t is time in electrical] degrees. 


Substituting the expressions for current i into equality 5 by the 


exponential components, we obtain 


Comparison with experimental data obtained by 
other methods 


The high degree of accuracy of the proposed method is borne out if 
we compare the results of different methods, Thus, in the case of the 
machine in question, the ‘‘ super transient reactance’’ along the longti- 
tudinal] axis is 0.198 when calculated from 3, but its value as deter- 
mined experimentally when two phases were supplied with an alternating 
current and the rotor was fixed dis = 1) equalled 0,231. The values 
of super transient reactance along the transverse axis were respectively 
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0.279 and 0.294. Synchronous reactance along the longtitudinal axis, 
calculated from 6, was almost the same as that found from no load and 
short circuit experiments, 


Kazovskii proposed a method of determining the transient currents 
with a three phase short circuit for an a.c. rotating machine from the 
frequency characteristic. 


To determine the periodic component of short circuit current we have 
to re-plot the stator current from the frequency characteristic as a 
function of rotor slip on a logarithmic scale and replace the curve 
produced by a stepped curve with sloping sections corresponding to the 
equality of the increments in the logarithm of current and the logarithm 
of slip. 


Using this stepped curve we can determine the damping coefficients 
and the amplitude of al] the exponential components of the symmetrical 
short circuit current. The division is arbitrary; here the curve for 
the transient process is determined with greater accuracy if the com- 
plex character of the logarithmic frequency curve increases with an 
increasing number of steps of the approximating curve. The accuracy of 
the stepped approximation can be checked by plotting the amp] itude- 
phase characteristic in reverse in accordance with a selected approxi- 
mation. The method of using stepped approximations is described by 
Traskel [3]. 


To make a further check on the utility of the proposed methods, use 
was made of the frequency characteristic with the rotor positioned on 
the d axis. Curves were then found for the envelope of the periodic 
component of the stator current in the presence of an external three 
phase short circuit with the machine on no load, These curves were 
compared with curves taken direct from a three phase short circuit of a 
synchronous rotating machine, The experimental frequency characteristic 
was re-plotted on a logarithmic scale and used to plot on approximating 
stepped curve, The components and damping coefficients of the symme- 
trical three phase short circuit current were then found, The experi- 
mental and theoretical curves were practically the same. 


Conc lusions 


1. The new methods of experimentally investigating the parameters of 
machines are qu.te simple and produce satisfactory results, especially 
if the transient processes of machines with solid elements are calcula- 
ted for which the phenomenon of current distortion is of material im- 


portance, 


2, As we have seen from the experiments, the number of rotor circuits 


or 
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in a synchronous machine along the longtitudina] axis is greater than 
two, whilst that along the transverse axis is greater than one, This 
must be taken into account accordingly. This can be done particularly 


convenient ly by the proposed method regardless of the number of cir- 
cuits. 


3. The use of stepped approximations of the logarithmic frequency 
characteristic of the machine makes it possible to determine exponen- 
tial components of the transient current of ac. rotating machines with 
sufficient accuracy for practical purposes when the machine is connected 
in a network with an external short circuit and under other conditions, 


Translated by O.M. Blunn 
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A STUDY OF OUT-OF-STEP CONDITIONS AND 
THE RE-SYNCERONIZATION OF A 
GENERATOR AFTER LOSING TRANSIENT STABILITY* 


CHESHOV 


(Power Institute of the Academy of Sciences U.S.S.R.) 


(Received 16 November 1959) 


It can be seen from operating experience and experimental investigations 
[1] that there is in many cases a possibility of a generator being re- 
stored to synchronous operation after dynamic stability has been distur- 
bed as a result of the action of the generator’s voltage regulators and 
the speed of the prime mover without the service personnel having to 
interfere. It is therefore worthwhile investigating the conditions 


under which re-synchronization of the generator wil] take place. The 


concept of dynamic stability can be broadened and regarded as assured 


if a generator which falls out of synchronism due to sharp disturbances 


is again independently synchronized,** 


A quantitative evaluation of the possibility of re-synchronization 
is reduced by some authors [ 2, 3) to the determination of the average 
slip and the limits within which the instantaneous slip can vary in the 
stationary asynchronous state. On this basis re-synchronization is 


regarded as taking place if the iustantaneous slip passes through its 


zero value, Using this approach to the problem there is of course no 


+ 


need to study the transient process due to the turbine’s speed regula- 


tor. 


In this paper an approximate analytical] method is proposed for investi- 


gating the motion of the generator rotor with transient conditions taken 


into account, 2nd the possibility of re-synchronization is established, 


During our analytical investigations we shall in all cases regard the 
machine as ide lized in the generally accepted sense [4] and make the 


© Flektrichestvo, 6, 21-25, 1960. 
** V.A. Venikov uses the concept of resulting stability in this connexion. 
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following assumptions: (a) the transient electromagnetic processes in 
machines provided with voltage regulators are taken into account either 
by the constant Ey or 8°: (b) periodic components of the electromag- 
netic moment having double frequency are neglected, 


These can be regarded as quite acceptable assumptions since modern 
voltage regulators in asynchronous conditions wil] maintain the value 


of Es or &’ practically constant in practice as shown by output oscil- 


lograms [1], whilst the periodic components of the moment with double 
frequency have very little effect on the motion of the rotor owing to 


its large mechanical] inertia. 


The equation of motion for the rotor of a generator connected to 
finite busbars can be written in the following form® (ignoring the 
coupling resistance): 


1960 


After transformation of the left hand side of equation 1, we obtain: 


M,,sin 


The values of ". and Mes ay OM the right hand side of equation (2) 


are complex functions of time and slip. 


The synchronous moment in asynchronous conditions is due to the 
periodic deviations of slip of the rotor of the generator from its 
average value, the amplitude of these déviations here diminishing with 
increasing speed, since the rotor possesses a great moment of inertia, 
The speed regulator reacts weakly to the periodic variations in s] ip 
owing to its inertia, The synchronous moment during asynchronous 
operation can therefore be regarded as having no appreciable effect on 
the law governing the variation in the torque of the turbine, The 
effect of the asynchronous torque on deviations of slip about its mean 
value can also be ignored since the amplitude of the variations in slip 
are not large in asynchronous conditions, Hence the effect of the 
synchronous torque on the motion of the rotor can be taken into account 
independently of all the rest of the moments, Integrating equation (2), 


* The expression for is given in other publications 4, 5). 


282 
where M,=M,,sint-+M,. 
ds (2) | 
where dé 
5 


Re-synchronization of a generator 


we in this case obtain 


(M,— M,, .\d5-+- M,,cosé+C. 


The left hand side of this expression represents the value of the rotor 
stored in a certain interval] of variation in angle 5. The right hand 
side represents the work of forces applied to the rotor on the same 
the angle, the non-periodic terms; here the 
sf work which corresponds 


section of variation in 
non-periodic terms produce an average value « 


to the average value of the kinetic energy of the rotor, equa] to 


Consequently, expression 3 can be represented as the sum of two indepen- 


dent terms: 


«3 


J— = J M,, 


M (5) 


as.av 


is known (the method of calculating this is given 


If average slip Say 
of consequently, 


below) the change in the kinetic energy o! the rotor and, 
in slip can be found from equation (4). The instantaneous slip passes 
through zero at the instant when the kinetic energy of the rotor is zero 
during the process of restraining it, i.e. the necessary condition of 
However, the passage of the in- 


re-synchronization will be ful filled. 
generator is 


stantaneous slip through zero stil] does not mean that the 
finally synchronized, It is first necessary to bear in mind that the 
gs may be “ chopped’’ as a result of the rapid rise of 


synchronous swin 
f step depending on the 


the torque of the motor which has fallen out o 
magnitude of the excess torque on the shaft of the rotor and angle 5 
when s first equals 0, The problem whether the generator will] remain 

in step after the first passage of the instantaneous slip through zero 
is a matter dealt with in the usual investigation into dynamic tran- 
sition and no consideration will be given to its solution in this paper. 


The necessary condition for re-synchronization can be represented in 
the form of an inequality: 


M,,cos8 <0. (6) 


During one period of asynchronous operation, we can assume s,. ain = 
const in the zone of minimum average slip, For this extreme case the 
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necessary condition for re-synchronizat ion will be: 


(7) 
av.min J 


juring the process of asynchronous 
operation, the instantaneous slip will] not pass through zero and, con- 
remain in the asynchronous state until 


If condition 7 is not fulfilled 


sequently, the generator can 


externa] conditions alter. 


Let us qualitatively analyse the changes in the turbine torque ’. as 
a function of Say with the effect of the turbine speed regulator in 
the transitional] asynchronous state taken into account,*® 


The diagram, besides the relationship = f (say) (curve 1), also 
the static characteristics of the turbine’s speed regulator (2) 
he 


and asynchronous torque of the generator (3). Let the turbine torque 
When the generator falls out 


shows 


be } ee under norma] conditions (point a). 
of step, a positive excess torque appears on the shaft of the group 
which will accelerate the rotor of the generator. 


regulator of the turbine begins to affect the closing of the 


= » 

t.ex t Mas.av’ 
The speed 
turbine’ s 
the change in torque ¥,, beginning from point a, does not proceed along 


control] (directing) gear when slip increases. Here, however, 


the static characteristic of the speed regulator owing to its inertia, 
but lags behind the change in slip and follows the curve #, = f/(s,,), 


shifted up above the static characteristic, The rotor will accelerate 


until >9. 


At the moment of time the curve ", = f(%,y) intersects the asyn- 
chronous torque characteristic (point 6), the excess torque 1s zero, 
Slip will be maximum at point 6 and the speed regulator will reduce the 
admission of the energy carrier as before, This gives rise to a 
“ negative excess torque” which begins to restrain the rotor, Thus, 
having reached a maximum at the point of equilibrium of the moments, 
the slip will afterwards decrease until ¥, is again positive, The 
speed regulator wil] again reduce the admission of energy carrier until 
the slip exceeds the value defined by the point of intersection of the 
static characteristic of the speed regulator with the curve ¥, = f (say) 
(points e, Cy 


The turbine torque, continuously decreasing, passes through zero at 
point « and (if the contro] gear is open below the no load position) 


becomes negative. If the control gear is completely closed (point d), 


* Por the sake of simplicity we shall consider a speed regulator with a rigid 
feedback 
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the restraint moment of the turbine wil] reach maximum and remain con- 
stant on the section over which slip changes from point d to point e, 
if it is regarded as more or less independent of the speed of the rotor. 


The instant the slip is less than the value defined by the point at 
which the static characteristic of the speed regulator intersects the 
¥, = f(#g,) curve (point «), the speed regulator begins to increase the 
admission of energy carrier in conformity with its static characteris- 
tic. But the turbine torque does not vary in conformity with the static 
characteristic of the speed regulator even in this case owing to its 
inertia, and wil] lag behind the change in slip. The turbine torque, 
increasing here, passes through zero a second time (point f) and then at 
point & the excess torque is zero and the slip minimum, The equilibrium 
of the moments is again temporary at this point, since the speed regu- 
lator will wfect the admission of the energy carrier as before in 
accordance with its static characteristic and, consequently, a positive 
excess torque will arise on the shaft of the group and begin to acceler- 


ate the rotor. 


Mn, Mae, av 


Mee 


Fig. 1. Variation in turbine torque M, as a function of 
average slip s 


av’ 


The turbine torque will correspond to the slip according to the 
static characteristic of the speed regulator at point a). This corres- 
pondence is however temporary since the positive excess torque acting 
on the shaft of the group will accelerate the rotor as before, Here 
further variation in v, = f(8ay) will take place along the curve a,, 
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a, analogously to that described above. 


Analysis of the relationship ”, = f/s,.) shows that the slip s,, can 
be considerably smaller in the transitional] asynchronous state than the 
value of the steady state average slip Say.st+ a8 defined by the point 
where the static characteristics of the speed regulator and the asyn- 
chronous torque of the generator intersect. When therefore determining 
the condition for re-synchronization, it is necessary to consider the 
dynamics of speed regulation and not commence from the asynchronous 
steady state conditions, 


The method of calculating average slip is based on the solution of 
the differentia] equation for the motion of the rotor with the effect 
of the speed regulator taken into account, assuming M19 = Q, 


The equation of motion for the rotor when Mio = 0 has the form: 


The turbine torque #, is not constant during the process of asyn- 
chronous operation and re-synchronization owing to the effect of the 
speed regulator on the control gear of the turbine. Using equations 
for the individual elements of the speed regulator [5,6] and bearing 
in mind that the dependence of the change in the turbine torque on the 
opening of the contro] gear is sually assumed to be linear, we obtain 
the following equations for the speed regulator 


(a) with the ports of the slide valve partly open (s< 1): 


Ve nom 
t.av 


ip ev 


ip 


“no load 


(b) with the ports of the slide valve completely open (o@ = 1): 


| 


lo 


In expression(10), the plus sign is used when the contro] gear of the 
turbine is open, and the minus sign when it is closed, 


Average slip can be found analytically from expressions (8) to (10) if 
the characteristic for asynchronous torque is represented in the form 
of a piecewise linear relationship, In this case the equation of 


1960 
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motion for the rotor (8) can be written in the form: 


J —84-(a, + M,. (11) 


dt “nav 
is the equation of the nth section of the piecewise 
linear characteristic for the asynchronous torque 
of the generator. 


where a, + 


v 


Solving equations (11) and (9) jointly and also (11) and (10) with 


respect to s we obtain respectively 


av’ 


tenomn (13) 
no load 


Average slip can be found from equations (12) and (13) as a functionof 
time. In the process of calculation, on transition from one linear 
section of the characteristic for asynchronous torque to the next sec- 
tion, the initial conditions for the latter section will be the final 
conditions of the preceding section. 


Knowing the law governing the variation in the average slip s, = f(t) 
when 1, we can find the law governing the variation in the torque 
of the turbine #, with time by using equation (11). When o = 1, the 
torque of the turbine is determined from equation (10). 


During the asynchronous state the contro] gear of the turbine may be 
completely closed for a certain space of time (see diagran, section 
d-e). The average slip on this section is then determined from the 
equation 


(14) 


In order to simplify the restraint torque of the turbine when the 
control gear is completely closed, ™,, is assumed to be independent of 
the speed of the rotor, 


we can find the law governing the variation in the extent to which 
the port of the slide valve is open in the asynchronous state when the 
relationships say = f(t) and Mu, = f(t) are known by using the equation 
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for the slide valve of the speed regulator [5,6]: 


3 


The calculation of the average slip of the generator rotor is thus 
based on the solution of linear differentia] equations (12) to (14), each 
of which can be used regardless of the state of the group (open slide 
valve port and contro] gear). 


having determined the relationships Say = f(t) and P = f(t) we can 


v 
plot the relationship ", = f(s which wil] have the form shown in 
the diagram, 


av)’ 


As an example we have calculated the asynchronous operation and re- 
synchronization of a hydro-electric generator after dynamic stability 
has been disturbed, Here we made use of data from certain investiga- 
tions into the re-synchronization of a hydro-electric generator [1]}. 


The calculation was performed for different servo motor time con- 
stants T,- According to experimental data, the value of T, for the 
machines used in those investigations [1] was between 9 and 12 sec, 


F no load = 0.7%. 


The best agreement between the theoretical and experimental data 
occurred when T, = 10 sec. The maximum average slip in this case was 
24 per cent (28.6 per cent in the experiment). The time of the passage 
of this maximum from the moment of short circuit was 6.6 sec (7 to 8 
sec in the experiment) and duration of asynchronous operation 15.8 sec 
(15.2 sec in the experiment). Maximum average slip was determined with- 
out taking hydraulic shock into account, It’s value was therefore less 
than that obtained experimentally. The effect of hydraulic shock can 
be taken into account can be obtained by multiplying the quantity 
obtained by a coefficient of 1 to 1.5 [5]. 


Symbols* 


electromagnetic moment; 
amplitudina] value of the synchronous moment; 


average value of the asynchronous torque of the generator; 


turbine torque; 


restraint (counter) torque of the turbine with the valve 
of the directing gear completely closed; 


M. noeo 7 rated and initia] values of the turbine torque; 


* angles and times are expressed in electrical] radians, the remaining quantities 
in relative units. 
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turbine torque when valve completely open; 


the angle between the generalized vector of the stator 
voltage and the transverse axis of the rotor. 


extent to which valve open; 
uf] displacement of the pendulum coupling; 


extent to which turbine directing gear open on no load; 


no load 
Sip irregularity of pendulum; 


Te time constant of servo motor, 


J mechanical time constant of the machine, 


Translated by Blunn 
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Widespread use is made of three phase directiona] impedance relays in 
the U.S.S.R. for the distance protection of lines from asymmetrical 
faults. Use has also begun to be made of them abroad.** To eppraise 
this relay it is necessary to examine its performance under abnormal] 
conditions, for example, in the presence of asymmetrical] short cir- 
cuits, under unbalanced conditions accompanied by swings, in the 
presence of short circuits via intermediate resistances and so on. This 
problem has been partly elucidated in the papers by Petrov and Feist 
1,2). 

This paper proposes a generalized method of investigation thre« 
phase directional impedance relays by means of characteristincs in the 
complex plane for different cases of short circuit and under balanced 
conditions, 


Initial relationships 


As is known fs}, the electromagnetic moment of a three phase direc- 


© Flektrichestvo, NO.6, 29-38, 1960. 


e* It is incorrectly stated in the article by Sonnemann and Lensner ra] that 
the three phase directional impedance relay was first proposed in the U.S.A. 
It is known that this type of relay was first proposed by A.M. Bresler in 
the U.S.S.R. in 1945 (Auth. Cert. No. 66343). Since then problems connected 
with the operation of this relay have been elucidated in Soviet technical 


literature on many occasions. 


* 
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tional impedance relay can be represented by a scalar product; * 


where Z, - resistance of the compensation corresponding to the setting 

of the relay; 
9°U2- positive and negative sequence currents and voltages at the 
point where the relay is installed. 


It can be seen from expression (1) that the behaviour of the relay does 
not depend on the combination of phases corresponding to the given fault 


or break. 


To calculate short circuits at point K of a complex system (Fig. 1), 
it is expedient to apply the superposition principle and represent the 
positive sequence current and voltage in the form of the sum of the 
currents and voltages of the theoretica] load (1) and additional (ad) 


states: 


fet, 


Expression (1) canthen be represented in the form: 


x 


whe re of) is the voltage under load conditions at the point of the 


* The co-multipliers of the scalar product will for the moment be enclosed in 
figured brackets in all expressions for the sake of a more visual exposition. 
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last short circuit; 


Z, — the resulting impedance of the complex system of sequences for 1960 
the given type of fault; here 


(4a) 
(4b) 


If a break in phase occurs between points M and N (Fig. 1): 


x { + K 


where 4), is the current under load conditions at the point of the 
last break in phase; 

Z,4 4 and ZpA- the impedances determined by expressions 3b and 3c, if 
the positive and negative sequence currents at the point 
of the break 1,4 and ey, are substituted there for 
currents I,, and J.,, (Pig.1); 


k, 4 - the current distribution factor under load conditions at 
the point where a positive sequence scheme is broken, 


When one and two phases are broken, respectively: 
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(6b) 


» Zo and Zoo are the resultant impedances 


In expression (64a), 211 
relative to the point of break. 


I I 
2k or 224 are given in Table l. 


The values of the ratio 


TABLE 1 


Short circuit 


two phases 


one of one two 
ae with earth om phase phases 
Zor Z 
oil + <u -1 
Lo: Lo: | 


Fxpressions (2) and(5) are theinitial ones for investigating three 
phase directional impedance relays under different operating conditions, 


An idea of the behaviour of relays in the presence of various types 
of short circuit can be obtained from an examination of complex sequence 
networks (Fig.2). At extreme values of Z,.(Z,.==-0 and Z,,= 0c) the 
network in the case of an earth fault of two phases (Fig.2c) is turned 
respectively into a network for the case of a fault between two phases 
(Pig. 2b); also at these values of y a the network for the case of an 
earth fault of one phase (Fig.2d) is turned respectively into the net- 
work shown in Fig. 2(b) and a symmetrical] network for the load state. 


(x) 


Qu 
6) 
é, é 
2) 


Fig. 2 
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Since, as follows from expression (1), the relay will not operate in 
the presence of a three phase short circuit and under load conditions, 
relays are less sensitive in actual cases of earth faults when Z,, has 
a finite value than when there are faults between two phases, 


Relay operating characteristics 


As is known rs, the operating condition of a three phase directional 
impedance relay using two currents and two voltages cannot be represen- 
ted in the complex plane by one characteristic. The following method 
is therefore proposed for the investigation, 


One parameter is isolated which will be denoted by F en and the 
behaviour of relays studied when it changes, The initial expressions 
2 and 5 are brought to such a form that the moment is an explicit 


function of this parameter 


M ={AF.,,,— C}{BE,,— D} = 
where 
( 
A A (8a) 
D 
B (8b) 
A 
(8c) 
(8d) 
(8e) 
a=argF, - arg Fy (98) 
(9b) 


It can be seen from 7 that the relay is on the boundary of operation 
if 


(10a) 
(10b) 
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cos (a+ = 9. 


The latter condition corresponds to 
a= 90° — 9 —@,,; 


” 


a =— 90° — 9,,). 


Conditions (12) canbe expressed graphically if it is taken into 
account that the vectors Fy and Fy II contain the general component = 
(see 8d and 8e) which ventas with respect to the modulus and argument. 
Fig.3 shows the construction of the vectors 


Fy and F,, relative to the origin of the diagram, The tips of the 
vectors H and Fp, (0, and O,,;) and peaks of the constant angle a 

bet ween the variable vectors Fy and Fry lie on a line which is the 

locus of points characterizing the operating condition, It can be 

shown that the supplementary arcs of the same circle on the chord 0, and 
constitute this locus of points (Fig. 4). 


II 


The centre of the circle can be determined graphically. When the 
point 0, is moved in the direction of point Oy Ir’ the straight line Fy 
within limits occupies a position on the chord 0 rrr whilst the 
straight line F,, is tangential to the circle at point Orr The angle 
between these straight lines is 180 -a’ = 90° + P yp. Consequently, 
the centre of the circle lies at the point where the perpendicular PQ 
passing through the middle of the chord 0,0,, intersects the straight 
line MN perpendicular to the stated tangent at point Orr Then, to 
plot the characteristics it is necessary to know the position of the 
chord 0,077, i.e, the position of the tips of the vectors Fy and Fp as 


well as angle 
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It can be shown that when 
the zone of relay operations will lie outside the circle (see triangle 


0,07, in Fig.4), but inside it when 


+- 90° << 9,,<+ 270° (13b) 


In both cases the relay will operate when the tip of the vector Fae 
lies inside the operating zone. 


In the specia] case when A or B are O in expression 7 
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It can be seen from 14 that when 


the relay is on the boundary of operation. 


As can be seen from Fig.5, condition 16 is graphically represented 
by a straight line which is a continuation of vector Pry and passes 
through the tip of the vector Fp. The straight line with the horizontal 
forms an angle $;, =+ 90+ @ . It can be shown that when 


< + 90 (17a) 


the operating zone of the relay will lie to the left of the straight 
line, but when 


+ 270° > > +90? (17b) 


to the right. 


Evaluation of relay sensitivity in the presence of 
short circuits and breaks in phase on a 
line fed from two ends 


It follows from the above argument that a study must be made of a 
metallic short circuit between two phases to evaluate the selectivity 


of relay operation theoretically, 


If it is assumed that the resistance of the positive and negative 
Sequences is the same, we shal] then obtain in accordance with expres- 
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sions 3b, 3c and 4a for the network in Pig. 6: 
short circuit in the forward direction: 


Z 2(Z,.+2,)- 


2(Z + Z,) 


short circuit in the reverse direction: 


Fig. 6. 


Let us consider the behaviour of a relay when there is a change in 
the angle between the e.mf.’s ey and £,,. Let us represent the moment 


of the relay as an explicit function of 


k 


Ey 


Taking expressions 18 into account and expressing gery’ 
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e.mf.’s EF. and & in accordance with load conditions, let us bring 
expression 2 into the form of 7 when a two phase short circuit occurs 
in the forward direction 


gen’ gen 


and into the form of 14 in the presence of a two phase short circuit in 
the reverse direction 


160 


Z. being the impedance of the system. 


The operating characteristic in the presence of a short circuit in 
the forward direction is a circle passing through the origin, since 
(see expression 7 and Fig. 4), but in the presence of a short 
circuit in the reverse direction, it 18 a straight line, since A = 0 
(see expression 14 and Fig.5). 


Fig.7 shows the combined characteristics of operation in the presence 
of short circuits at points 2 and 3 (Fig. 6) when the angles of the total 
impedance of the sections are equal. In the presence of a fault at 
point 2, angle Pap = 180° (20a), since Z,>Z,, but the presence of 
a fault at point 3 angle $ -» = 0 (20b). The feature of the combined 
diagram consists in both characteristics passing through point Ory in 
accordance with expressions (20a) and (20b), point Orr here set aside 


from the origin by 00 
II 
s 
In Fig.7 and below the direction of the shading shows the zone of 


operation. 


In accordance with this and expressions (13) and (17), the regions inside 
the circle and to the left of the straight line are regions of non- 


Ls d | 
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i 
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s) 
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selective protection. To determine the range of angles inside which 
the relay wil] operate incorrectly, circles are drawn with their centre 
at the origin for the given relationship K, = const, but when Y= var. 
It can be seen from Fig.7 that for K, = Ky, non-selective operation in 
the presence of a fault is only possible at point 2 (Fig.6) at angles 
of Y {,, but for Kk, = Ko non-selective operation in the presence of a 
fault is only possible at point 3 when | {> Let us remark that in 
presence of a fault at point 1 (Fig.6) angle Pap = 0 (20a), since 
Z,< Z,, and the region of correct operation lies outside the shaded 
circle, 


Fig. 7. Combined operating characteristics of relays in 
the plane of the e.m.f. ratio: 
1 — in the presence of a short circuit at point 2 (Pig.6); 
2-short circuit at point 3 (Fig.6); 3 - K, = const, 
=var; 4- K, = Ky = const, = var. 
Using such approximate combined diagrams, Fig.8 shows the dependen- 
cies of the range of angles Y at which relays do not operate selec- 
tivity in the presence of a short circuit outside the protected zone 
and fai] in the presence of a short circuit inside the protected zone 
on the ratio of e, for the case of a short circuit between two phases 
(Fig.6) and for different values of K, (0.6, 1.0 and 1.5). These 
dependencies show that if the electrical] centre of the system charac- 
is greater than a. (i.e. lies outside the 


terizing the ratio . 


Ei + £y 


section Z ¢ @ 2), the relay wil] operate correctly at al] angles in 
the event of short circuits in the forward direction), but may not be 


selective at certain angles over the range from -270° ~>y > -- 90 


in the event of short circuits at any point in the reverse direction, 
If the electrical centre lies on the section (Z,. + Z,), when K< 1 
and if a short circuit is present in the reverse direction the re] ay 
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will not operate, and can operate incorrectly in the presence of a 
short circuit at any point in the forward direction (the range of 
angles at which the relay operates incorrectly here increasing with an 


Ey 
increasing a, ratio). If K,> 1 and a, j 


(point P on Fig.8), 


the range of angles of incorrect operation begins at Y = 0 in the event 
of short circuits in both forward and reverse directions, This circum- 
stance can restrict the use of relays as third stage protection, and as 
second stage protection also in certain cases, 


Using expressions(5) andcharacteristics similar to those in Fig.7, 
we have plotted the dependence of the range of angles at which operation 
is incorrect on the ratio n. (Pig. 9) in the event of a break in phase 


at point « or 6 (Fig.6) at given values of A and —° Comparison 
e 
1960 

the relationships (Figs. 8 and 9) shows that the region of incorrect 
relay operation is smaller when one phase is broken than when two phases 
are broken, Therefore, if the correct operation of the relay is 
assured at the given setting in the event of a short circuit between 
is no possibility of the relay functioning under 


two phases, then thers 
line working conditions with two phases at extreme angles of }Y. 


This analysis is approximate in view of the assumptions that have 


Let us appraise the features of relay operation if the angles of the 
total impedanc f the line are not equal ¢) = arg Z, and of a setting 
¢, = arg Z., in ve event of a short circuit in the vicinity of the 
end of the zone. io this we shall alter expression 20(a) to a form 
in which the moment of the relay is an explicit function of Feen = 


On the basis of the characteristics plotted from expression 22 for 


the network shown in Fig.6 and having parameters the = 15 Z+ 90°: 


Z, = 32.52+4 «, £0.77 Ze 8° and K, = 1.0, we have plotted the 
dependencies (Fig.10) of the lengthening or snortening of the zone 
Az, 
on angles Y (19) when = + 20° 
Z, 
and at certain values of ¥ possible under load conditions ¥Y~- 40° to 
- 60°) there can be a 35 to 60 per cent increase in the relay operating 
zone. This leads to non-selective operation which would not occur if 
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| 


n 
a 
‘3 
be 
n 
a 
v 
be 
a 


JO @ouesesd ay} UT 


@ jO aouesesd ayy ut UOT 
uotjyesedo jo AsepuNOg 


OBIS 


303 
° 
Ro 
N A 
+ = \ 
~ 
: 
wy 
w 
60 > 
= 3 | 
w + 
" 
SIN 
S \ 
“> 
& 
N Ss 
+! +! +! 


304 Three phase directional impedance relays 


¢, = ¢). It is therefore necessary to envisage measures to ensure the 
requisite setting of the relay as regards both magnitude and angle, 


Fig. 10. Dependence of the lengthening or shortening of 
the operating zone on the angle ¥: 


1 = 20°; = -10°; 3-, = - 10°. 


To plot the operating characteristics expression 2 can also be 
latered to a form in which the moment of the relay is an explicit 


function of 


(23) 


This shape of the characteristic is expedient for investigating the 
possibility of preventing the incorrect operation of the relay slowly 
after the emergence of the short circuit. 

Taking equations (18) intoaccount and expressing 0!) and 7 by 
z("), let us change equation (2) intothe form of equation (7): then if a 


fault occurs between two phases in the positive direction 


7] 


(/ 

\\4 

or between two phases in the reverse direction 

(24b) 


Fig.11 shows the combined operating characteristics in the presence 
of short circuits at points 2 and 3 (Fig.6). These have been plotted 
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on the same conditions as those in Fig.7. In plotting the curves 
account was taken of the fact that F, = - 2,., Fp = + 2, and Pap = 

= 180° in the presence of a short circuit at point 2, since Z, > Z, 
(see 7 and 24a), whilst in the presence of a short circuit at point 3. 


s 
(see 7 and 24b). 


If follows from perusal of Fig.11 that the relay operates selectively 
if the tip of the vector z(") lies outside the shaded regions, Let us 
state that the angle Py» = 0 in the presence of a short circuit at 
point 1 since Z, < Z, (see 24a). In this case the zone of correct 
relay operation lies outside the shaded circle with a diameter 0,077. 
this being the relay characteristic. 


The broken line in Pig.11 shows the characteristics of a single 
phase directional impedance relay. It can be seen from a comparison of 
the characteristics that there is a greater probability of a three 
phase impedance relay acting incorrectly in the presence of faults 
between two phases than is the case with single phase relays under 
symmetrical conditions, this probability being the greater the greater 


the increase in (Fig. 6). 


Using the characteristics given in Fig. 11 we can judge the behaviour 
of relays in the event of shorts between two phases when the line is 
supplied from ond end by an e.m.f, source Ey and if the impedance of 
the positive and negative sequences of all the elements are equal, In 
this case the relay will act correctly if zl) « 211 - 21¢ lies outside 
the characteristic for the short circuit in the positive direction 
(Fig.11), i.e. if 


(25) 


Let us state that the equality of the resistance of the positive and 
negative sequences is particularly possible if the motors are self- 
started. Wore generally, when the resistance of the positive sequence 
of the load is greater than the resistance of the negative sequence and 
the angles of total impedance are the same, the correct operation of 
the relay will be assured in the presence of a short circuit in the 
forward direction if 


Z z. -Z, (26a) 


and in the presence of a short circuit in the negative direction if [3): 


| | 
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(26b) 


Conditions 25 and 26 can restrict the use of relays as third and 
possibly second stage protection for lines with supply from two ends 
but which can be supplied from one end. 


1960 


Pig. 11. Combined operating characteristics of relays in 
the impedance plane. 


Evaluation of the sensitivity of relays in the 
presence of short circuits on a 
single line with feed from two ends 


The curves in Fig.8 and expression 22 can be used not only to 
evaluate the selectivity of relays but also their sensitivity when 
metallic short circuits occur between two phases, The necessary 
relationships are given below to appraise sensitivity in the presence 
of earth faults and faults via intermediate resistances. As we have 
seen, a relay is less sensitive in the presence of earth faults than 
when inter-phase shorts occur. It can be shown that if the resistance 


306 

4 J 

Jo 7 

ad) 

2p 

/ 2 

rc 
0 
| | 
i 
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of the positive and negative sequences is the same and the angles of 
total impedance likewise, the relay will fail if metallic earth faults 
occur between two phases in the vicinity of the point where it is 
installed if 


and if metallic earth faults occur in one phase in the vicinity of the 
end of the zone if 


where zGi-) and z$)) represent the ‘‘dead zone’’ in which the relay 
, can fail to operate; 
160 


Other designations are the same as before. 


In view of the complexity of expression (27), astudy will be made 
below for orienting purposes of the case when the e.m.f.’s Ey and Ery 
are equa] and the coefficients of current distribution of the positive 
and zero sequences | ikewise.* Solving equation (27) for this case we 


shall obtain: 


* The coefficients of current distribution are equal for example on a line 
with supply from one end if the transformers at the receiving substation 
are unearthed. 
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represents the ratio of the impedance of the positive 
“tk and negative sequences up to the point of short 
circuit. 


If follows from expression(29) thatthe dead zone will only occur 


when Z,> 2 Zo in the presence of earth faults of two phases, whilst 
there is always a dead zone if an earth fault occurs on one phase, 


Z 
(here the relays do not generally operate when Z, < oc , since in this 


case 


Analysis shows that in the presence of earth faults of two phases 
via an intermediate resistance there is a considerable contraction of 
the dead zone of a three phase impedance relay. Thus, for example, 
when 216 = Zoe 2 5 ohm and an intermediate resistance is present of 
roughly 5 to 10 ohm, there is little probability of a dead zone on the 
line with single sided feed 100 to 200 km long, 


If supply is from two ends the additional] feed of the arc makes it 
still less probable. The determination of the dead zone is thus 
theoretical in the presence of metallic faults, 


It is of interest to elucidate whether the dead zone of a three 
phase directional] impedance relay overlaps at the beginning of the line 
in the presence of metallic earth faults of two phases installed on 
zero sequence current cut-off lines*. As shown by analysis, the dead 
zone does not overlap provided that: 


If, simultaneously, 


* This question was first considered by V.L. FPabrikant and Iu.A. Gaevenko. 
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if, simultaneously, 


where K, is the reliability factor assumed equal] to 1.2 to 1.3; 
represent the positive and zero sequence component of the 
impedance of the system Z. (Fig.6) in the maximum state in 
which the selection of current cut-off is made, 


Conditions (30) are as a rule only fulfilled when the given load 
conditions under which the short circuit occurs is greatly different 


from maximum load conditions. 


Let us state that in a number of cases overlapping of the dead zone 
is ensured by a single phase directional impedance relay. 


If faults occur between two phases via an intermediate resistance 
2R int at point 1 (Fig.6), the moment of the relay can be expediently 
represented as an explicit function of 


Rint 7Z' 
gen «TR, pret’ (31) 


(ed) 


where Ky 4 1k is the coefficient of positive sequence current 


distribution, 


After altering expression (2) tothe form of expression (7) with ex- 
(18a) and (23) taken into account, we have 


pressions (31), 


zi) 


={(F 44) (Fen 


Since ap = 180°, the zone of relay operation will be inside the 
circle plotted on the diameter Orr (Fig. 12). The relay will operate 


if the tip of the vector z2) is inside the circle. It can be seen 
pro 


from (32) that the diameter of the circle varies as a function of the 
point of short circuit and load conditions, 


Let us consider the characteristics for the extreme conditions Zz, =0 
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and Z, 


As follows from expression (32), point 0,, (Fig. 12) will lie on the 


straight line O; Ory (here ). When Z, = Z, the relay is 


O77 7 

on the boundary of operation in the case of a metallic short circuit, 

whereas when Z, = 0 the relay reacts with the intermediate resistance 

Rane (OC (Fig. 12). Since as a rule Zie 

need therefore only consider one characteristic for the case when 


Fig. 12. Combined operating characteristics in the pre- 

sence of a short circuit via an intermediate resistance 

under extreme conditions 1 - =0; 2-Z= 

operating characteristic of a single phase impedance 
relay. 


Comparison of the characteristics of a three phase and single phase 
relay (Fig.12, broken line) shows that a three phase impedance rel ay 
is more sensitive to the intermediate resistance than a single phase 
relay, and that this sensitivity is the greater, the greater Zhe 


If an earth fault occurs on one phase via an intermediate resistance 
rfl). at point 1 (Fig.6) we can obtain an expression for the moment 
agreeing with expression (32) when 


7 
Z, = Z,. 
+; (3,° Z, M2, + 
2-2, 
1960 
| 


Three phase directional impedance relays 


Kor\ , 3Rine -Z 
kK OK “prot 
l i] Pp 


In this case, consequently, the operating characteristic has the 
same form as when there is a fault between two phases. But since 
a). z{2)., the relay is less sensitive with an earth fault on one 
phase than when there is a fault between two phases. 


If an earth fault occurs at point 1 (Fig.6) on two phases via 
different phase intermediate resistances Rint and the general inter- 


mediate earth resistance n(t, 2) we can obtain an expression for the 


moment agreeing with expression (32) when 


160 Z, -+ : (Z +Z) 


(35a) 


(35b) 


The operating characteristic can only be exactly plotted and the 
maximum value of Rint at which the relay reacts exactly determined 
when 


h 
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At other values of the ratio Rant /P S422, the characteristic only 
produces an approximate solution, 


It should be borne in mind that an increase in rfi,2} only increases 
the sensitivity of a relay and the case when rfis1) = 0 is therefore 
only theoretical. 


Use may also be of the expressions for evaluating the intermediate 
resistances to determine the sensitivity of relays in the presence of 
short circuits on branch lines. Here it is necessary to take the 
resistance of the branch instead of Rant and Ro int: 


The behaviour of relays in networks of 
more couplex configuration 


To take into account the feed from an e,m, f. Ery (Fig.13), we can 
select the resistance of the setting Z,, for the second stage of pro- 1960 
tection from the following formula with a known degree of approximation: 


(36) 


where Z, and Z, represent the impedances of the protected line and 
the setting of the protection for the complex section; 


S = i is the ratio of the three phase short circuit 


Try currents calculated for e.m.f.’s Ey and agreeing 
in phase but different in value, for the maximum 


ratio of a 


II 
by and k. are coefficients of reliability. 


To plot the operating characteristic for any type of short circuit 
in a complex network, let us express the moment as an explicit function 
of K,e? ¥ (19) so as to take only two groups of generators with equiva- 
lent e.m.f.’ s into account: 


where Z., Z, and Z, are determined from expressions (3) and(4),and @ 
and 8 from the following equations for the theoretical load conditions: 


hy 
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(38a) 


3,2, +8, (38b) 


We can similarly formulate expressions in the general case for the 
moment represented as an explicit function of z(t) when the network has 


any number of supply sources. 


Conclusions 


The proposed method of investigating a three phase directional 
impedance relay by means of characteristics represented as explicit 
functions of one parameter is convenient for appraising the selec- 
tivity and sensitivity of relays in the presence of short circuits and 
breaks in phase in networks of any degree of complexity. 


Analysis shows that the stated relay, operating jointly with zero 
zequence current cut-off, as a rule ensures full protection from all 
kinds of two phase short circuits. However, the use of this relay at 
large operating resistances Zo for example, in third stage protection, 
is restricted since it may operate incorrectly even at small angles 
between the e.m.f.’s of the generators under load conditions preceding 


an asymmetrical] short circuit. 
Translated by O.M. Blunn 
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A HYROTRON WITH CONTROLLED GRIDS 
(A NEW TYPE OF HIGH FREQUENCY IONIC 
CONVERTER 0.5 TO 50 KC/S FOR 
INDUCTION HEATING) * 


DAN TEORODESCU 
(Roumania) 


(Received 18 September 1959) 


Introduction 


Several types of high output generator have been developed to produce 
high frequency currents and these are finding ever increasing appli- 
cation in industry. Dynamoelectric, electronic and ionic generators 
are in greatest demand at the present time. 


Dynamoelectric generators are made for frequencies up to 10 k c/s 
owing to large losses and cooling difficulties. The efficiency of this 
equipment is about 50 to 60 per cent. This limits their maximum unit 
output. 


Electronic generators will produce frequencies from 0.1 to 100 ¥ c/s, 
but their efficiency is also about 50 per cent. In addition they are 
large in volume and quite expensive, 


Ionic converters with ‘‘exitrons” make it possible to produce 
currents with a frequency from 0.5 to 1.5 k c/s and an efficiency of 
almost 1. The great efficiency of these generators, determined by the 
smal] losses in the arc, enables us to produce these devices with 
outputs up to several] thousand kW. The top frequency limit of these 
converters depends on the minimum de-ionization time, In optimum 
cooling conditions this is roughly 0.5 millisec. 


Despite the fact that the frequency of ionic generators is com- 
paratively low, they wil] in the near future replace dynamoelectric 
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converter gear of corresponding frequency on account of their increased 


efficiency and great output. 


To produce higher frequencies the author of this paper has proposed 
a new type of ionic converter with uncontrolled grids which is called a 
hyrotron and operates at 0.5 to 50 k c/s, 


The operation of the hyrotron is based on the “rotation’’ of the 
electric arc in the mercury vapour under the influence of a uniform 
magnetic field so that it is struck successively on radially disposed 
anodes in the mercury bath, The mercury cathode is situated in the 
centre of the bath, a little below the plane of the anodes, The 
cathode spot is maintained by the cent ral exciting anode. The converter 


also has an ignition (striking) anode. 


An account is given below of the principle underlying the operation 
of hyrotrons with controlled grids and some of its characteristics are 


160 described. 


Control and the characteristics of the hyrotron 


The molecules inside the bath are in a highly excited state. The 
majority of them possess somewhat less energ) than the energy of 
ionization (10 eV), but rather more than that of excitation. It is 
therefore sufficient to impart a sma]] amount of additional energy to 
the molecules so that they pass from the state of excitation into the 
state of ionization, The phenomena in the cathode-affected space are 
the same as in other ionic converters and there is nothing special 
about the hyrotron in this respect. 


However, it is a different matter in the anode-affected space. The 
entire process of arc transfer from anode to anode is determined by the 
fact that the molecules in the grid-anode space are in a less excited 
state than those at other points of the bath. This is explained by 
large bipolar diffusion, Moreover, the design of the grid plays an 
important part here. 


The molecules in the grid-anode gap thus need additional] energy to 
achieve the state of ionization, In the hyrotron this energy is pro- 
duced by the electrons which bombard the stated space under the in- 
fluence of electromagnetic forces and the loca] increase in current 
density caused by the controlled grid, 


These two factors determine the operation of the hyrotron and by 
correctly adjusting these factors we can obtain optimum operating con- 


dit ions. 
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In the case of the hyrotron with uncontrolled grids, the first 
factor is the major one in the transition of the arc from anode to 
anode. The major factor in the hyrotron with controlled grids is the 


second factor. 


Fig. 1 shows a cross-section of the hyrotron with controlled grids 
and its principal] circuit. 


The grid of the hyrotron is supplied with a voltage from a load 
transformer by means of a symmetrical] grid transformer and a phase- 
shifting device. The magnitude of grid bias is regulated by an appro- 
priate change in impedance. 


Fig. 1. Section (a) and principal circuit of the anode unit 

(b) of a hyrotron with controlled grids. 1- bath; 2- anodes; 

3 - cathode; 4- grids; 5 -— winding; 6- armature; 7 - 

shifting device; R, - grid resistance; Ppias - bias resis- 
tance. 


Let us suppose that the field is so directed that the arc tends to 
pass from anode A to anode BR (Fig.2). Then the charge carriers will be 
affected by forces F, = 2 [VH] and F, determined by the boundary of the 
arc between two collisions, 


When the arc moves from anode A to anode B two cases can occur when 
the molecules about anode B reach the state of ionization before the 
grid received the contro] pulse and when the molecules in the stated 
space are stil] in the state of excitation when the grid is fed with 


the controlling voltage. 
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This case can occur in a hyrotron with controlled grids if the phase 
shift of the grid voltage is selected incorrectly, i.e. when the moment 
of ignition is not regulated exactly. 


Fig. 2. 


The distance between the anodes also has a considerable effect on 
the operation of the hyrotron. If it is too smal] it is impossible to 
regulate the hyrotron. There therefore exists a certain critical dis- 
tance dependent on the power of the converter. This distance can only 
be reduced if screens of appropriate size are placed between the anodes, 


The secdénd case corresponds to the normal operating conditions of the 
hyrotron with controlled grids. 


If a positive voltage pulse is fed to the grid, the density of the 
ionization current in its vicinity becomes equal to the critical] value 
and under the action of electromagnetic forces, determined by the 
presence of an external magnetic field, the arc passes from the pre- 


ceding anode to that in question, 


All this discussion is purely general] in nature and is not intended 
to give a complete explanation of the extraordinarily complicated phen- 


omena which occur in the converter. 


The hyrotron can be controlled by means of a sinusoidal] voltage. But, 
as in other converters, this method of control suffers from the dis- 
advantage that the moments of ignition are scattered, The hyrotron is 
more sensitive to this scatter since the moment of ignition plays the 
main part in its norma] operation. The moment of ignition should there- 
fore be within a rather narrow range and inaccuracy in ignition should 
not exceed a few degrees. 


However, control of the hyrotron by means of a sinusoidal grid vol- 
tage is satisfactory in the majority of cases in practice, especially 
where a smal] deviation in the phase of the output voltage is permis- 
sible, and when there is no danger that a change in the angle of 
ignition will bring the converter out the controlled state. 
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The use of peaked or rectangular pulses overcomes the above disad- 
vantage by defining the moment of ignition sufficiently accurately. The 
pulse contro] voltage is produced by a special] circuit of non-linear 
elements connected with the secondary winding of the load transformer 
via a phase-shifting device (here use may be made of R.C. circuits 
which are fully described in the published technica] literature). 


It is of interest to note that in the hyrotron with uncontrolled 
grids there is a considerable variation in the phase of the generated 
voltage reaching up to about 35 el. degrees. This is explained by the 
changes in the moment of ignition which depends on the time taken for 
the grid-anode space to achieve the state of ionization. The phenomenon 
is easily observed on a screen oscillograph, 


Even when a sinusoidal voltage is fed to the grid the screen will 
show how the ‘Dundle’’ of sinusoids of the output voltage collects in 
one sinusoid, 


®ig.3 shows curves characterizing the change in frequency as a 
function of the inductance of the magnetic field in hyrotrons with 
different numbers of anodes, 


The following conclusions can be drawn from these curves. 


The hyrotron with controlled grids has fairly non-drooping character- 
istics f= ¢ (BS ); if considerable changes occur in the inductance of 


the magnetic contro] field (+ 50 per cent) the oscillation frequency of 
the output voltage varies comparatively little, The characteristic of 

this same hyrotron without grid control] produces rather large variations 
in frequency with the same change in &§. 


The performance of the hyrotron with controlled grids is only stable 
over a definite range of values of the field inductance. This means 
that there are definite critical values of R§ for the given parameters 
of the hyrotron. The instability of the hyrotron’s performance outside 
the stated values of B§ toa large extent depends on the phase of the 


control voltage. 


The frequency of the oscillations under regulation on a hyrotron with 
six anodes with the same size of the bath is 50 per cent greater than 
that of a hyrotron with four anodes and, consequently, it is proportion- 
al to the number of anodes, 


The characteristics f =@ (1) of a hyrotron with six anodes are 
given in Fig.4. They are plotted for different values of B§ at a 
pressure inside the bath of 1.5 x 10°3 mm kg. For purposes of compari- 
son, the broken line denotes the characteristic of the same converter 
with uncontrolled grids for the nomina] value of the field. The curves 
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in Fig.4 show that the oscillation frequency also changes when there is 
a change in load current and that this change is considerably greater 
in the hyrotron with uncontrolled grids. 


sh 00 120 140G 


Fig. 3. Dependence of the frequency of the generated oscil- 

lations on the inductance of the external magnetic field of 

a hyrotron with six (1) and four (2) anodes: hyrotron 

with controlled grids; - hyrotron with uncontrolled 
grids. 


Fig. 4. Dependence of the frequency of the oscillations on 
the load current of a six-anode hyrotron. 


Shape of voltages and currents 


The oscillo:ram of the current of one of the anodes in Fig.5 shows 
that its shape is practically rectangular. 


In the short-circuited state when every other anode is linked by two 
common feeders and the feed is at a reduced voltage, the shape of the 
current is practically rectangular in order to determine the parameters 
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of the hyrotron (Fig. 6). 


These oscillograms of the anode current indicate the presence of 
high frequency harmonics. As in ionic converters with ‘‘excitrons’’, 
these harmonics reduce the total] efficiency of the gear. sut, effici- 
ency nevertheless remains fairly high thanks to the small] losses in the 


arc. 


Fig. 5. Oscillogram of the anode current 
of one of the six anodes of a hyrotron 
operating under normal conditions. 


Fig. 6. Oscillogram of the current of 


one of the common feeders of a six-anode fas 


hyrotron under short-circuited conditions. 


The voltage drop in the arc of the hyrotron has two components, 
i.e. one depends on the inductance of the magnetic field, whilst the 7 


other does not. The value of the arc current has practically no a 


effect on the total voltage drop. The voltage at the load terminals is 
sinusoidal in shape. = 


VV 


Fig. 7. Shape of hyrotron grid voltage. 
Fig. 7 shows the shape of the voltage on grids when the hyrotron is 
controlled by a sinusoida] vo] tage. 


The curve for the grid voltage is distorted in shape owu.yv to losses 
in the grid impedance at the moment of the grid current pulse. 
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The oscillogram of the grid current (Fig.8) confirms what we have 
said. The pulse of current occurs in the first part of the period and 


its time is equa] on average to: 


Fig. 8. Grid current curve. 


Design of the hyrotron 


This hyrotron with six anodes has a bath made from austenitic steel. 
The bath and cathode are water-cooled. The anodes are radially dis- 
posed and provided with cooling vanes, To fix the position of the 
cathode spot in the mercury bath, provision is made for a molybdenum 
ring. The ignition anode is on the axis of the bath and an excitation 
anode of annular shape surrounds it. Rubber sealing is provided, pro- 
tected with rings from the mercury vapours. 


The hyrotron is subjected to evacuation before starting by prolonged 
operation in the short circuited state at a current greatly in excess 
of the rated value, 


Conclusions 


The hyrotron with controlled grids can be used at frequencies from 
0.5 to 50 k c/s for both ultrasonic and heat treatment of various 
materials. 


Certain models of this type of converter can be fed direct from a 
three phase network. 


After overcoming the technological difficulties connected with the 
production of the ionic baths, the hyrotron wil] make it possible to 
use methods of heat treatment based on frequency currents in our 
nationa] indurtry on a larger scale, 


Translated by Blunn 
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Why the charge of partial capacitances does not correspond 
to the resultant field flux: L.. Neiman and 
K.S. Demirchian, (pp. 1-6). 


The purpose of this paper is to establish that the following inequality 
generally holds: 


“ep * Pep 
where C,, are the changes of the individual capacitances, U,, the 
potential differences and wy the electrical displacement flux, The 
method is simply to examine the physical picture of the resulting field 
and its variation with the variation of one of the bodies. The exami- 


nation is based on taking into account the mathematical properties and 
features of the field, 
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How raising the power factor of a load affects its stability: 
V.A. Venikov, (pp. 6-10). 


As the widespread use of static capacitors to improve the power factor 
of the load can on occasion reduce the reserve of load stability and 
lead to a voltage ‘‘avalanche’’, a study is made of the basic relation- 
ships characterizing the conditions of a system with a preponderance of 
asynchronous (induction) motors. A feature of the paper is that cer- 
tain assumptions are made so that the resistance of the network can be 
ignored for greater simplicity in the equivalent network as shown, The 
use of series-connected capacitors is recommended but it is necessary 
to check self-excitation and self-induced swinging. 


A simplified method of appraising the stability criteria of 
an equivalent load: N.A. Mel’ nikov, (pp. 10-14). 


As a considerable increase in the total rated power of static capacitors 
in transverse-capacitive compensation gear can disturb the stability of 
a system, it is considered useful to investigate the stability of the 
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system on the basis of a simple circuit with a non-linear element in 
the form of an equivalent load. To appraise the conditions under which 
the load is disturbed, use is made of static characteristics of the 
load plotted with its composition and synchronous motors taken into 
(with automatic regulation of excitation). 


account, 


On principles and methods of calculating motor drives for a 
suddenly applied load: D.P. Morozov, (pp.17-21). 


A study is made of methods of calculation applicable to the performance 
of electrical] drives under shock loads. Attention is paid to motors 
with a constant impedance in the rotor circuit, a contactor slip regu- 
lator and a fluid slip regulator. Formulae are introcuced 

relative to the energy loss in the secondary circuit, heating of the 
motor as regards rotor current and losses in the rotor winding, average 
losses and the equivalent torque of the motor, 


The ignition of a sectionalized high voltage valve: 
N.M. Maslennikov, A.A. Sakovich and V.D. Andreev, (pp.25-29). 


Stable high direct voltage transmission is greatly dependent on the 
clear striking of the arc in each valve in the converter installation, 
i.e, stable ignition angle and no failures in ignition, particularly in 
in inverter substations where each failure will produce fault condi- 
tions. The author discusses the striking of the arc in a valve with a 
sectionalized anode and gives the results of an investigation into the 
process of striking the arc in large sectionalized valves with a mer- 
cury cathode which enable the factors affecting clear ignition to be 
elucidated. A description is given of the valve in question and the 
striking of the arc on the contro] electrodes and in the anode, 


An electronic computer study of the motor drive in the 
EVG-15 type excavator; V.G. Vasil’ev, A. I. Kondratenko, 
V.P. Lomakin and N.Ia. Tarasova, (pp. 39-41). 


Modern high productivity excavators involve problems which do not lend 
themselves easily to analytica] solution such as the synthesis of the 
the stabilizing links, the analysis of transient processes, the inves- 
tigation of the reliability of the main drives, etc, These problems 
can now be tackled in the design stage by means of computers and the 
present paper gives the results of such an investigation into the 
EVG-15 type excavator, After describing the drive, a description is 
given of the computer study, the purpose of which was to verify the 
dynamic operating conditions of the electrical] equipment and find the 
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optimum parameters of the stabilizing links and certain static charac- 
teristics of the rotary, hoist and thrust drives, 


On the signs of the characteristic parameters of symmetrical 
four-terminal networks: E.V. Zeliakh, (pp.41-46). 


Vany formulae for determining the characteristic parameters of syn- 
metrical four-poles include radicals and it is necessary to think out 
the plus or minus sign in front of them before use can be made of the 
parameters for other problems. These signs must be chosen correctly. 
However the proper method of choosing them has not as yet been ade- 
quately developed and the purpose of this paper is to clarify this 
problem, 


Relative characteristics of asynchronous machines: 
V.M. Kutsevalov, (pp. 47-50). 


The equation for the relative mechanical characteristic of an asyn- 
chronous machine at present used in practice is only true for asyn- 
chronous machines with constant rotor parameters and does not apply to 
asynchronous machines with a solid cylindrical rotor where the equiva- 
lent applied resistance and reactance of the solid rotor is a function 
of slip. In the case of an idea] hysteresis asynchronous machine 
(without eddy currents) the parameters of the rotor circuit in the 
equivalent network are independent of slip however and other cases are 
possible. The author therefore proposes new equations relative to the 
characteristics of asynchronous machines, 


Electro-mechanical systems with variable inductance: 
M. Marinesku, (pp.5€-58). 


The author reviews and generalizes the results of an investigation into 
the conversion of electrical energy into mechanical] energy in circuits 
with periodically varying inductance. The investigations began 10 
years ago at the Roumanian Academy of Sciences to elucidate the optimum 
conditions for conversion, to establish to what extent electrical 
machines can be produced on this basis and to evolve a method of design. 
he concludes that there is more scope for simple parametric machines 
with variable inductance, particularly in connexion with parametric 
resonance (phenomena connected with the periodic variation of induc- 
tance observed in synchronous machines). It is expected that para- 
metric generators wil] be made for the production of currents of ultra- 
sonic frequency and that parametric resonance will be applied in long 
distance communication and radio engineering, 
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On a method of cutting off the forcing of a transient: 
M.N. Fesenko, (pp.58-61). 


In order to reduce the length of a transient process and improve its 
quality in for instance the drive of a reversing rolling mill, use is 
made of special methods involving the forced variation of the excitation 
current of the generator. A study has been made of transient processes 
in a circuit containing a semiconductor triode and inductance with the 
voltage jump connected at the input to the triode, the purpose being to 
develop new methods of forcing the transient process in the excitation 
of a generator. After stating the theoretical considerations he des- 
cribes a circuit with a d.c. amplifier and semiconductor triode. The 
advantage claimed for the cut-off method of forcing the transient 
process in the excitation circuit by the semiconductor triode is that 
the circuit is simplified and the forcing process is made practically 
ideal, 


The relationship between reactive powers in single phase 
capacitor motors with three phase stator windings: 


A.I. Adamenko, (pp.61-68). 


Investigations have suggested that single phase capacitor motors with 
three-phase stator windings are to be preferred to such motors with 
two-phase stator windings in certain cases, A study is therefore made 
of single phase motor systems with three-phase stator windings in which 
the round rotating magnetic air gap can be produced by external reac- 
tances for any power factor of the motor phase, 


Transients in the windings of multi-layer peak transformers: 
I.M. Roife, (pp. 71-76). 


Pulse transformers with windings having up to 30 layers are now in use 
for instance for accelerator tubes. It is regarded as very important 
that a study be made of the transient processes in the windings of 
these transformers in order to determine the shape of high voltage 
pulses and ascertain the conditions for the inter-layer insulation. A 
study is made of certain questions connected with the choice of equi- 
valent circuit of a multilayer winding, the theoretical and experimental 
investigation of the transients on the leading edge and at the peak of 
the pulse and the breakdown (puncture) conditions of pulse transformers 


on load, 


A high-speed semiconductor switch and trigger for electronic 
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computers: lIa.N. Sapat and I.L. Kaganov, (pp.76-82). 


Since the counting speed of electronic computers is mainly connected 
with the rise time of the pulse for the input and output voltages, an 
investigation has been made into the static conditions of an extra- 
high-speed semiconductor current switch (key). When based on triggers, 
switching frequencies of up to 10 Mc/s and higher can be achieved, 


Overvoltages when switching a germanium diode and its pro- 
tection: V. Gusa, Ia. Tsigelka and L. Chernyi, (pp. 82-85). 


A study is made of a certain method of protecting germanium diodes from 

the large voltage surges which arise on switching, After a theoretical 

analysis, the results are given of an investigation into the use of a 

protective cell consisting of a capacitance and resistance, the magni- 

tude of the capacitance being greater than the natura] capacitance of 

the diode (i.e. > 1000 pF em? when / = 0). Oscillograms are given to 1960 
illustrate the expediency of the proposed method, 


A new scheme for temperature controllers using thermistors: 
G.K. Nechaev, (pp.85-88). 


The Electrical Engineering Institute of the Academy of Sciences U.S.S.R. 
has developed a temperature controller using thermal resistances which 
wil] measure the temperature in machine units etc and produce a signal 
when overheating occurs. however, they are complicated to use, and the 
author advocates the use of the ‘‘relay effect’’ for indication purposes. 
Relay effects are produced in the circuit when the parameters of the 
surrounding medium and the elements of the circuit vary. The proposed 
controller is fed from a ferro-resonance voltage stabilizer via a 
sectional transformer and rectifier. Provision is made for blocking 

the thermal resistors by a resistance which protects them from pro- 
longed overload, 


A model system for studying electronic excitation systems 


for motor drives: V.V. Rudakov, B.A. Egorov and L.G. Konradi, 
(pp.88-91). 


Only the basic parameters are usually taken into account in the design 
of generator-motor type variable drives so that there is a great deal] 
of adjustment after installation, Laboratory electro-dynamic models 
are now in use for investigating excitation and contro] systems, Dif- 
ficulties arise here in smoothing the pulsation of the rectified 
current. The Electro-mechanica] Institute of the Academy of Sciences 
has evolved a system using an auxiliary low power reactor and additional 
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power amplifiers which is described, 


(m the reliahility of telemechanical devices: N.S. Shabalin, 
(pp. 91-93). 


Stressing the need for reliability in such devices, the author urges 
the formulation of objective criteria to enable the reliability of 
different devices to be compared. As such criteria he proposes (1) the 
number-of failures over a given period, (2) the average length of time 
the devices work between failures, (3) the life of the device, these 
indices to be calculated on the basis of operating statistics, He 
advocates the use of probability theory to ascertain such criteria, He 
touches slightly on improvements in the design of devices and the 
structure of the telemechanical systems. Reference is made to magnetic 
and semiconductor elements (crystal diodes and triodes). 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHSTVO No.7, 1960 


High quality electrical steels and alloys. A.M. Samarin, 
(pp. 1-4). 


The electrification of the U.S S.R. being the “main core’”’ of the 
programme of communist construction in the next 15 to 20 years, ‘the 
author considers means of reducing the cost of material] for electrical] 
equipment and ensuring that the right metals and alloys are produced 
for the electrical] industry. He discusses silicon steels, iron, Fe-Al 
alloys, constructiona] stee] with a low hydrogen content to reduce 
flaking, semiconductor materials, substitutes for copper and the pro- 
duction of pig iron in electric furnaces, 


Electrical equipment at the Bhilai iron and steel works. 
M.M. Brozgol, (pp.5-10). 


An account is given of the integrated iron and stee] works built in 
India with the assistance of the U.S.S.R. 


New motor drives for continuous cold rolling mills. 


F.F. Olefir, (pp. 11-15). 


A study is made of the system of excitation used for the generators in 
the contro] of continuous cold rolling mills, Provision is made for 
compensation of the ohmic voltage drop in the armature circuit of the 
motors on the principle of “two-circuit contro]"’ which ensures a high 
degree of contro] accuracy over the generator voltage at a relatively 
low amplification factor. 


An automatic motor drive for grinding machines with follow- 
up feed. A.A. Sirotin and V.A. Eliseev, (pp.15-19). 


A description is given of ‘‘follow up” type electric drives for high 
output grinders producing better surface finish, as developed in the 
Yoscow Power Institute. The relay-action follow-up drive for the cross 
feed is used in conjunction with a variable speed drive for the grind- 
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ing wheel, Formulae are given to determine the transient processes in 
the drive, A description of the drive is given. 


An electronic computer study of an automatic helmsman. 


I.P. Freidzen, (pp. 20-25). 


An account is given of the results of an investigation into the contro] 
of a ship’s steering on an analogue computer, It is claimed that the 

model] simulating the hydrodynamic link can be used to adjust the ‘‘auto- 
matic helmsman” prior to installation on board ship and so save time, 


On power regulation theory of electrical ore-smelting fur- 
naces. V.S. Lerner, (pp. 25-30). 


A description is given of the automatic system of power control] used 
chiefly in electric ore-smelting furnaces with a deep slag bath, An 
analysis is made of the link between the basic parameters of the 
regulator and the object so as to ensure the requisite static and 
dynamic characteristics. Reference is made to a system comprising a 
correcting circuit which has passed operational tests. 


On control systems for the drives of medium-sized excavators. 
M.I. Kraitsberg, D.A. Kaminskaia and V.P. Lomakin, (pp. 30-35). 


A comparison is made between drive systems for excavator shovels 
(capacity 6 to 8 m?) using iynamoelectric amplifiers jointly with inter- 
mediate magnetic amplifiers (cascade system) and dynamoelectric anpli- 
fiers by themselves (KhEMZ system). After studying a series of oscil- 
lograms of the performance delivered by these systems it is recommended 
that externa] flexible feedbacks be excluded, Lifting and drawing are 
performed more efficiently on the KhEMZ system. The KhEWZ system is 
recommended for medium power excavators. 


Grapho-numerical methods for caleulating transients from 
structural schemes. A.M. Suchilin, (pp. 35-39). 


A method is proposed for sinplying Basharin’s system of calculating 
transient processes in automated drives, Instead of ascribing a dif- 
ferential equation to each link in the structural scheme, substituting 
a finite diffe-ence equation written in the form of a proportion and 
then performing the calculations graphically, the author proposes a 
‘programme scheme of calculation’’ comprising elementary links which 
are found by recurrence formulae based on the transfer functions of the 


links. 
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The d.c. magnetic field in a parallepiped. YV.N. ludakov, 
(pp. 39-41). 


Powerful magnetic fields arise in electrolyte baths producing el ectro- 
dynamic forces causing the meta] in the bath to shift. This entails 
the calculation of the intensity of the magnetic field of the anode 
current. The present paper proposes a simplified theoretica] method of 
calculating the magnetic field in a rectangular paral] ]epiped. 


A synthetic scheme for testing circuit-breakers with long 
burning arcs. N.M. Chernyshev and Z.A. Abramova, (pp. 41-46). 


A study is made of methods of testing circuit breakers and an account 
given of a new synthetic system which is particularly effective in the 
case of circuit-breakers with long arc combustion time and a relatively 
large voltage drop in the arc. Use is made of an additional] inductance 
of the order of 0,2 to 0.4 in the circuit. 


A combined way of switching in power cireuits. N.F. Shishkin 
and P.Ja. Danilin, (pp. 47-50). 


The connexion of a constant resistance of practically zero value in 
paralle] to the consumer has not yet been widely used for commutation 
purposes although it is more quick-acting, (use here being made of a 
short circuiting device). A new method of commutation which involves 
no ‘metallic’’ short circuit of the supply source is proposed using a 
combined switching apparatus with tripping and shorting systems of con- 
tacts incorporating a spring-magnetic mechanism, 


Surge protection of 35-500 kV switchgear today. N.N. Beliakov 
and A.N. Sherentsis, (pp.51-56). 


A study is made of proposals for simplifying the protection of elec- 
trical networks from surges. Specia] attention is paid to direct light- 
ning strikes and the protection of distribution gear from waves of at- 
mospheric overvoltages from the lines, 


The electrical characteristics of long insular strings for 
lines of 500 kV and higher. N.N. Tikhodeev and A.N. Tushnov, 
(pp. 56-61). 

A study is made of the electrical] characteristics of long chains of 


suspension insulators in view of their high cost. Tests supported the 
belief that the type of protective fitting has no marked effect on the 
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size of the discharge voltage of the chain if the fitting produces the 
discharge through the air and not along the surface of the insulators. 
It is argued that with alternating voltage the electrica] strength of 
long chains in the dry state and with a protective fitting is deter- 
mined by the asymmetrical air gap between the fitting and the tower. 
Account must be taken of the dry discharge voltage of the chain as wel! 
as the wet discharge voltage. 


L.D. Gustov and others, 


The 500 kV Sverdlovsk substation. 
(pp. 61-66). 


A description is given of the layour of the Sverdlovsk substation and 
its 500 kV equipment and apparatus, The substation is intended to 
receive power from the Lenin hydro-electric station on the Volga, the 
‘Botkinsk’’ hydro-electric station and large thermal] power stations. A 
special feature of the substation is the reduction in capital and run- 
ning costs achieved by adding it to the existing 220/110 kV substation 
and a new high speed 500 kV oil circuit breaker, (arc quenching time 
0.015 to 0,004 sec). 


On the deficiencies of State Standard G)ST-8033-56 ‘‘Electri- 
cal and Magnetic Units’’. L.B. Slepian dec’d., (pp.66-67). 


The author maintains that the above State Standard is deficient in that 
two systems forelectrical and magnetic units are permitted, namely the 
MKSA and Gauss systems. He advocates the use of the MKS(G) system, 
i.e, the practical Gauss system. 


Concerning the questions raised by Professor L.B. Slepian in 
his article ‘On the deficiences of State Standard GOST 
8033-56’. L.R. Neiman and E.G. Shramkov, (pp. 6-69). 


The authors state that Professor Slepian’s proposals for the use of 
the MKS(G) system of units (see previous abstract), though interesting, 
are less acceptable than the recommended MKSA system because of the 

need to introduce certain corrections, 


The possibilities of detecting ferromagnetic conducting 
objects in ferromagnetic substances. L.A. Gel’ bukh, 

(pp.69-72). 
It is argued that in removing metallic inclusions from powder, it is 


impossible to detect the metallic inclusions merely by determining the 
change in the e.m.f. of the signal or frequency. A method of indica- 


tion based on changes in phase is described. This is suitable for ore 
cleaning plant to prevent damage to the crushers in the event of 
foreign matter falling into the ore. 


Condenser paper having a small dielectric loss angle. 
V.T. Renne, M.N. Morozova and K.I. Karpova, (pp.72-77). 


Investigations have shown that Russian sulphate cellulose used for 
condenser paper has roughly the same pentosane content as that in 
America, A marked influence of the ash content of the paper on losses 
has been established. Even though organically equivalent to American 
paper and superior as regards the adjustment of the ash content, 
Russian paper is acknowledged to be inferior to the American product 
and it is recommended that paper with a reduced volumetrical weight, of 
the order of 0.85 to 0.9 g/cm, be produced, 


The characteristics of flashover along the layers of paper- 
oil insulation for direct voltage. M.A. Greisukh, (pp.77- 
82). 


It is considered necessary to take into account the total discharge 
voltage from the edge of one electrode to another primarily along the 
layers of paper for condenser-type paper oi] insulation in the develop- 
ment of current transformers etc, A study is therefore made of the 
discharge characteristics of the thickness of the insulation, the con- 
struction of the edge and the polarity of the voltage when the dis- 
charge voltage is 5 to 6 times lower on d.c. than a.c. and positive 
polarity is advocated, Temperature changes between 20°C and 75°C and 
differences in edge thickness from 10 to 85 micron have no effect, 


Diagrams for determining the firing angle of a three phase 
bridge type rectifier. S.R. Glinternik, (pp.82-85). 


A simplified diagram is proposed for determining the angle of commuta- 
tion and the given ignition angle for a three phase bridge converter 
for current rectification inversion. The diagram can be used to cal- 
culate the electromagnetic processes and converter characteristics in 
all steady state conditions with the exception of a smal] zone in the 
vicinity of the short circuit state when three valves are arcing simul- 
taneous] y, 
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NEW ELECTRICAL DRIVES FOR 
CONTINUOUS COLD ROLLING MILLS* 


F.F. OLEPIR 
(TSKB ‘flektroprivod’’ VNIIEM) 


(Received 27 July 1959) 


The control of modern continuous cold rolling mills is essentially 
reduced to controlling the excitation of the generators, since the flux 
of the drive motors for the stands remains unchanged in the basic oper- 
ating conditions, Use is only made of regulation for the flux (current) 
of the drive motors to balance out the load between them and when 
adjusting the rolling speed to the flux, The requisite operating con- 
ditions of a mill are therefore entirely determined by the quality of 
the control] system adopted for the excitation of the generators, 


Originally, the drive of mills was controlled by motors which were 
supplied from common generators, the total voltage of the feeder bus- 
bars here being the main means of ensuring the requisite relationship 
between the speeds of the stands under all the operating conditions of 
the mill, Control of the excitation of the generators was only in- 
volved in obtaining the desired rolling speed and the necessary charac- 
teristics for the acceleration and retardation of the mills, 


Later, as the technique of cold rolling developed, in order that the 
maximum amount of strip be produced in accordance with the tolerances, 
and the thickness of the strip be automatically balanced out at steady 
rolling speeds, compensation of the ohmic voltage drop Jr was introduced 
into the armature circuit of the drive motors, This was effected from 
special booster-generators, In this case the control system of the 
generators and the system of compensation act independently, Only with 
independent feed for the motors of each stand did al] the basic func- 
tions of mill contro] come under the control] of the excitation of the 
generators (requisite acceleration and retardation states for the mill, 
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requisite relationship between the speeds of the stands and automatic 
compensation Ir). 


The excitation of the generators is controlled along two circuits 
(channels). The voltage from the exciter is set along the first channel, 
This voltage is common to all the generators of the mill stands, The 
generator voltage for the stand is brought to a high degree of accuracy 
along the second channel by comparing it with a standard command vol- 
tage. This second circuit is a closed automatic contro] system, 


The electrical link between the generators and the appropriate drives 
of the mill stands is effected via a standard common command vol tage, 
This link is the greater, the higher the amplification factor of the 
contro] system for the excitation of the generators at each individual 
stand. 


The standard voltage and exciter voltage are controlled from a ‘‘flat’’ 1960 
controller which sets the acceleration, retardation and steady rolling 
speed of the mill. 


The special feature of systems of contro] for the excitation of the 
generators consists in the compensation of the ohmic voltage drop Ir in 
the armature circuit of the motors, It is effected on the principle of 
two-circuit control, This makes it possible to ensure highly accurate 
regulation of a generator’s voltage with a relatively low amplification 


factor. 


We established the independence of the system of excitation control 
with stabilization of the generator voltage by TS144-110 type stabili- 
zing transformers during theoretica] and experimental investigations in 
the process of adjusting the drive of the continuous fivestand mill at 
the Magnitogorsk integrated iron and steel works, 


Satisfactory results were obtained at a system amplification factor 
of the order of 150 to 200 when applying stabilization from a dynamic 
bridge, one arm of which included the excitation winding of the genera- 
tor (Fig.1), and also when use was made of choke stabilization (Fig. 2). 
In the latter case, use was made of the secondary winding of # TS72-60 
type stabilizing transformer (shunted by an ohmic resistance) as the 
choke and this was connected in the measuring winding IV of the control 
system, 


The use of two cascade connexion of the dynamoelectric amplifier made 
it possible to improve the static and dynamic characteristics of the 
system of excitation control, since the residual voltage and non-linear 
resistance of the armature circuit of the dynamoelectric amplifier A2 
is excluded from the circuit for comparing the generator voltage with 
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the standard, (particularly important when the currents in control 
winding IV are small), 


U, 
| 


| 
U 
| 


SOG 


Fig. 1. Excitation control circuit of generator 
with stabilization by a dynamic bridge: 
G - Generator; PFC - principal ‘‘flat” control- 
ler; FCS — flat controller of stand; ST - sta- 
bilizing transformer, 


On the same grounds use was made of a system of excitation control 
with the dynamoelectric amplifier connected in a two-cascade arrangement 
and choke stabilization as in Fig.3* for another continuous five stand 
mill, (Lenin combine in Poland), Stabilization from a dynamic bridge 
was not acceptable in this case since it involved impermissible varia- 
tions in the amplification factor of the system to the extent that the 
excitation winding of the generator became hot, 


It should be pointed out that everything was done in the control sys- 
tem for the mill stand as in Fig.3 to limit the effect of variations in 
the parameters of the system on the value of the amplification factor, 
In particular, we eliminated the effect on the amplification factor of 
the position of the flat controller FCS as in the circuit in Fig.,1, (not 
shown in Fig.3). This was done by using two sections of resistance in 
the circuit of winding IV, the value of which remained constant in any 
position of the FCS traverse, 


* Polish engineers G. Eigmund, K. Vyshtiga and K. Kromin took part in arranging 


this system, 
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The mill using the system show in Fig.3 operated wel] at an amp lifi- 
cation factor of 275 and above, 


Ly 4U 


1960 


Excitation control circuit of generator 
G - generator; motor: 
ST ~ sta- 


Pig. 2. 
with choke stablization: 
Al and A2 — dynamoelectric amplifiers: 


bel ,-l, -Ly - 


To change over from single cascade systems for the excitation control 
of generators to two-cascade systems, it was necessary to solve the 
problem conceming the identical effect of amplifier A2 in the circuit 
as in Pig.2 and winding J in the circuit in Fig.3, intended to compen- 
sate the voltage drop /r. At the same time it was necessary to 
determine the efficiency of the new means of stabilization and state 
more precisely the role and value of the compensation Ir in the contro] 
System for the stand drive. 


Pig.4 represents the system shown in Fig.2, according to which the 
equations for the individual links can be written as follows (account 
here being taken of the mutual induction between the amplifier windings): 


l+T 


Tv, 


13 
TI Fp 


T pu, 
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U,,—U,;: 

(l+% p?)n =k, 


fa t 
— is the degree of compensation of the ohmic vol- 


tage drop in the armature circuit of the motor; 


the degree of compensation of the inductive vol- 
tage drop, and 


the amplification factor of the compensation unit, 
if the inductance of the amplifier A2 is ignored, 
this having large negative and rigid feedback. 


160 


The equation for the closed automatic control system for the stand 
drive from equations 1 can assume the form: 


2 


where N==k,,k,k, is the amplification factor, and 


W(p) the denominator of the transfer function of the con- 
tro] system for excitation of the generator. 


The transfer function of the contro] system for the excitation of the 
generator N/*#/(p) is of the fourth order if stabilization is from a 
dynamic bridge, but of the fifth order with choke stabilization, Dif- 
ferential equation 2 is therefore of the sixth order in this case and 
of the seventh in the other case, 


All the features of the action of the system of the stand drive derive 
from analysis of equation 2. Let us consider it in the case of choke 
stabilization, In the absence of compensation Ir, and are 0; con- 
sequently, the differential equation for the closed automatic control 
system wil] be of the fifth order. When 1> ¢ >0 and 1> mw » 0 it 
will be of the seventh order, but when d= 1 and w= 1 it will be an 
equation for the transient process in the regulation of the speed of 
the stand motor. 


The speed of the stand motor can also be obtained from Fig.4 in the 


+ 
where 
= ] 
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following forw: 
NU, 
tT 


— xX 
+N 


ky 
(i-wh4 ”) 


Analysis of this equation shows that the transient processes in the 
drive of the mill] stand are determined on the one hand by the transient 
processes in the closed automatic contro] system in accordance with 
equation (2) (by the first multiplier on the right hand side of the 
equation), and on the other hand, by the transient processes in the 
generator-motor system (by the second multiplier on the right hand side 
of the equation). The extent to which the closed automatic contro] 
system is *‘covered’’ by the parameters of the generator-motor system 
depends on the value of the constants ¢ and yp. 


Pig. 3. Excitation control circuit of generators with two 
cascade connexion of dynamoelectric amplifiers A2 and Aj. 


The effect of constants ¢ and jw on the value of the constants 7, and 
T. of the generator-motor system is used to ensure the requisite rela- 
tionship between the speeds of the mil] stands under all] operating con- 
ditions, 


We can use equations 2 and 3 to produce a very simple link between 
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the voltage Us and the speed of the motor if we assume T = 0: 


ky 


U, (4) 


Equation 4 defines the operating principle of the compensation Jr in 
the same form as mentioned earlier. 


With a linear change in Us, due to a corresponding change in U.. the 
solution of equation 4 can be represented in the following form for a 
period of time within the limits/, >/>3(l — 9)T,: 


n= |t—(1—9)%, (5) 


where Us, is the rated value of the voltage at the output of the system, 
and 


960 


ty the acceleration time of the mill, 


'*(1-9) (1-H) 


Control system for the stand of a mill with choke 
stabilization. 


Fig. 4. 


At a large amplification factor NV, we can substitute the rated value 
of the standard voltage U,_, into equation § in place of Us, without 
involving any great error, In the latter case it shows that the com- 
pensation Jr essentially consists in being able to establish a different 
degree of lag in the speeds of the stands relative to the linear varia 
tion in the standard voltage during the acceleration and retardation of 
the mill. As a result, additional] tautness is created between the 
stands whereby the thickness of the strip is equalized. 


At steady rolling speeds a change in the extent to which the ohmic 
voltage drop is compensated in the main circuit will lead to a change in 
the ‘‘rigidity’’ of the mechanical characteristics of the motors, This 

also has an effect on the equalization of the thickness of the strip, 
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Moreover, at different electromechanical constants of the stand drives, 
as occurs in actual] conditions, the requisite degree of correspondence 
between the speeds of the stands under all operating conditions can be 
ensured by acting on the value of ¢. 

All the above equations retain their form for the circuit shown in 
Fig.3. The only different features are the expression for the coef- 
ficient ky. which characterizes the extent to which the ohmic and induc- 
tive voltage drops in the armature winding of the machines are compen- 
sated, and the expression for the transfer function N/W#(p) of the sys 
tem for the excitation of the generators, 


In its general form the coefficient kq is an operator function, As 
regards the circuits in Figs.1 and 2, its value can only be assumed 
constant with a large degree of approximation, It in fact varies with 
time since the transfer function of the amplifier A2 has a time depen— 
dence for any magnitude of rigid negative feedback, This can easily be 
seen by considering the transient processes there with the mutual] in- 
ductance between the contro] windings taken into account, 


As regards the circuit in Fig.3, we can always ensure a constant 
value of ky here by the due selection of the transfer functions for the 
circuits of windings JV and J, independently of the time at any degree 
of setting of the compensation for the voltage drop, This is very im 
portant for improving the dynamic characteristics of thé control system 
of the mill. 


Using the transfer function N/*#/(p) from Fig.4 we can produce an equa- 
tion for the closed automatic contro] system for the excitation of the 
generators with choke stabilization: 


(6, p* +- b, p* 6,p* +- b,p+-b,)U,= 


k, (1 -Tp)(i +-T,, p)Us. (6) 


Coefficients 6 to b, are functions of the parameters given in Fig. 4. 


The calculations have shown that for al! variants of choke stabiliza- 
tion used in adjustment, the characteristic equation for the excitation 
system of the PBK215-135 type generator (4250 kW, 750 V, 500 rev/min) 
has two pairs of complex roots and one real root, Similar results were 
also obtained for the stabilization of the excitation system of genera- 
tors from a dynamic bridge, the characteristic equation of which has 
only two pairs of complex roots for al] the variants of stabilization 
tested during repairs. 


The solution of equation 6 for the case of a shock disturbance U, can 
in its general form be written as follows for the stated roots, 
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sin(w,t +-9, — aU,, 


Ry RoR, 


where a ; coefficients Ap, Ay, Agg, Ags and angles and 


¥s are functions of the roots of the characteristic equation and con- 
stants T and T 59: 


Qs 08 


Fig. 5. Theoretical (1) and experimental 
(2) curves for the transient processes in the 
generator voltage with choke stabilization. 


Fig.5 shows the experimental (1) and theoretical (2) curves for the 
variation in U, at a shock U,= WV. Similar curves are given in 
Fig.6 in reference to stabilization from a dynamic bridge. The experi- 
mental] curves were obtained when the effect of the stabilizing trans- 
former was more marked (T; ~ 0.15 sec and T ~ 0.48 sec) than the 
theoretical (T; = 0.12 sec and T~ 0,4 Sec), 


These theoretical and experimental data confirm the efficiency of the 
new means of stabilization in systems of excitation for generators used 
on continuous cold rolling mills which are characterized by a high 
amplification factor, 


Theoretical and experimental investigations into the transient proces- 
ses in the drive for stands during adjustment have shown that the suc- 
cessful operation of a modern continuous cold rolling mill is mainly 
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determined by the quality of the contro] system for the excitation of 
the generators. The changeover from the dynamoelectric amplifier sys- 
tem of compensation Ir to the system of two-cascade dynamoelectric 
amplifier connexion has made it possible to increase the amplification 
factor of the system from 150-200 to 275 and over. By using ionic exci- 
tation of the generators or large high frequency magnetic amplifiers 
there is greater scope for improving the excitation control system of 
generators and, consequently, for improving the performance of con- 
tinuous cold rolling mills, 


It should be mentioned that the investigation into the transient pro- 
cesses in a separate stand isolated from the whole mil! made it possible 
to evaluate the existing systems of mill control, note further ways of 
improving them, determine the effect of the parameters of the generators 
and drive motors on the performance of the control system and formulate 
the conditions which must be satisfied, 


The automatic regulation of the tautness at the reeler end plays a 
big part in the drive of a modem continuous cold rolling mill. Besides 
systems with two cascade connexion of the dynamoelectric amplifiers, use 
is now being made of systems with the diameter of the coil (bundle) 
*“‘memorized’’ on the drum of the reeler. A special feature here is the 
regulation of the current in the armature circuit of the reeler motor 
by acting on the voltage of the generator and the regulation of the 


e.m.f. of the motor by acting on its flow, This system, based on a 
combination of magnetic and dynamoelectric amplifiers, has been develo- 
ped in TsKB “Elektropivod’’ VWNIIFM in reference to the five-stand mill 
at the Magnitogorsk integrated iron and steel] works, 


a2 as Qé a8 


Pig. 6. Theoretical (1) and experimental (2) curves 
for the transient processes in the generator voltage 
stabilization from a dynamic bridge. 


Good results were produced on the five-stand mil] at the Lenin combine 
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in Poland and on reelers with a two-cascade system of connecting the 
dynamoelectric amplifiers, This was achieved by selecting the para- 
meters more carefully and applying compensation to the dynamic component 
of the armature current as regards the current (flow) and voltage of the 
motor, 


Continuous two-stand dressing mills for cold rolling occupy a special 
position, Such mills are now in operation at the Magnitogorsk 
integrated iron and steel] works and at the Lenin combine in Poland, The 
rolling speed of the mill is 25 m/sec, The main drive is effected by 
17 d.c, motors of special construction, A special feature is the mini- 
mum ratio of the externa] diameter to the diameter of the armature and 
the ratio of the nomina] torque to the fly-wheel torque, (equal to 3.5). 
In reference to the stands and reeling device, the motors are mechani- 
cally connected two on each shaft, 


The mill is controlled by seven independent systems of automatic taut- 
ness control, Four of these systems act as a function of the armature 
current at a constant torque and one system is a direct function of the 
tautness at a constant torque, 


The introduction of tautness regulators between the stands (acting as 
a direct function of the tension of the induction head) was a great 
success during the process of adjusting the drives of these mills, 


Translated by O,M. Blunn 
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AN AUTOMATIC MOTOR DRIVE FOR 
GRINDING MACHINES WITH FOLLOW-UP FEED* 


A.A, SIROTIN and V.A. ELISEEV 
(Moscow Power Inst itute) 


(Receiwed 21 December 1959) 
1960 


To increase the output of grinding machines and improve the surface 
finish, the drive should ensure the following cycle of movements by the 
working parts of the machine: feed of the grinding whee] to the conm- 
ponent at a speed of 15 to 20 mm/min, rough grinding with the grinding 
wheel operating at the saximum permissible feed, grinding at a feed of 
0.2 to 0.3 mm/min and rapid removal] of the whee] after performing the 
grinding operation, 


Modern machines are provided with an asynchronous drive for the grind- 
ing wheel. The wear of the wheel with such a drive brings about a 
reduction in cutting speed and a considerable deterioration in surface 
finish, Machines have an imperfect system of transverse feed; they 
cannot therefore ensure the necessary output or the optimum variation in 
machining speed, and there is a danger of spoiled components, 


The Kuibishev Industria] Institute and Voscow Power Institute have 
developed electric drives for ‘‘follow-up feeds"’, which increase labour 
productivity and produce a better quality surface finish. The complica- 
ted and expensive feed system effected at the Kuibishev bal] bearing 
works (1) takes no account of the deterioration in the cutting proper- 
ties of the grinding wheels during the grinding process and provides no 
contro] over grinding power, 


The laboratory of the faculty of ‘Electrical equipment for industrial] 
undertakings’’ at the Moscow Power Institute has after many years re- 
search developed a followup electric drive for the transverse feed of 


* Elektrichestwo, No.7, 15-19, 1960. 
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grinding machines [2,3]. This drive has been introduced on 72 ball- 
grinding machines at the First state ball bearing works, The workers 
there have designed and organized the production of follow-up drives 
from standard units and components. It is planned to convert al] 
machines in this class to follow-up feed, Follow-up feed will also be 
used on 3250B and other types of internal grinders, 


Thanks to the use of follow-up feed there has been a 20 per cent in- 
crease in output from the machines, the number of rejects has been 

reduced and the operating conditions of the workers have been improved, 
In all, a considerable saving has been made, 


fl 


tc | se 
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Fig. 1. Electric drive for follow-up feed. 


Fig. 1 illustrates the drive for the follow-up feed,(a two circuit 
relay system). The system is fed with a rough blank having an initial 
machining allowance (y.), The allowance to be removed from the work- 
piece (y,) is calculated in the CE. The remaining allowance of the 
workpiece (y,) is converted by the converter 2C into an electrical 
Signal U.. The difference between this signal and the feedback signal 
(proportional to grinding power and obtainable at the output of the 
converter 3C), is fed to the input to the measuring wnit WU. When 
U.-Us 5 =U, the measuring unit switches on the feed motor F¥ which 
effects the transverse feed of the saddle of the grinding machine head 
via reduction gear A. When the grinding power has increased to the 
desired value (U.-U, , < U,), the measuring unit switches off the feed 
motor (U. and Use are given during adjustment). 


The desired technological grinding characteristics P_ «= f(y,) is 
ensured by means of two rigid negative feedbacks depending on the 
machining allowance of the workpiece and the output of the motor for 
the grinding wheel. During rough grinding the input signa] (U.) is 
constant and, consequently, grinding power (P_) is roughly constant. 
After removing the rough machining allowance from the workpiece, the 
converter unit reduces U.. which produces a reduction in grinding power 
and a changeover to finish grinding. After machining has been com- 
“leted the measuring unit supplies a signal for the rapid removal of a 
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grinding whee! from the workpiece. 


In the system under consideration grinding power is determined from 
the power consumed by the grinding wheel motor, which exceeds the 
grinding power by the value of the losses in the motor, spindel and 
transmission. It has been established by the investigations that the 
system, involuntarily maintaining the desired average speed of the 
grinding whee] motor, also maintains the average value of the effective 
feed. When the crinding wheel is soiled, the effective feed is auto- 
matically reduced and the workpiece protected from damage. 


Tests on the follow-up feed have shown that it ensures the prescribed 
technological grinding cycle. Fig. 2 diagramatically represents the 
power consumed by the grinding wheel motor, It was recorded by an 
oscillograph during the grinding process, Curves are also shown for the 
actual feed Ss. and the feed of the saddle S,- 


The electrical circuit of the follow-up drive is shown in Pig. 3. 


Use is made of a MUN-1 type general-purpose 100 W motor for the feed, 
This is used as a motor for independent excitation, The feed motor is 
switched on and off by the feed relay IFR. 


Use is made of smal] scale WKU-48 type relays for the power relays, 
RKN type telephone relays act as the blocking and time relays, Al] the 


rectifier devices are made from germanium diodes. The electrical equip- 
ment for the drive of the follow-up feed is mounted in the formof a 
smal] detachable block, 


It is a complicated matter to calculate the dynamic conditions of 
grinding machine drives with follow-up feed owing to the presence of 
elastic deformations and the non-linearity of the individual parts, 


It is however necessary to take the elastic deformation of the machine 
and the wear of the grinding whee] into account because these quantities 
are commensurate with the rajial allowances of the workpiece to be re- 
moved and the movement of the saddle, 


At any instant during the grinding process the following relationship 
exists between the movements of the individual devices: 


is the transverse movement of the saddle of the grinding 
he ad; 
the allowance removed from the workpiece on the side; 


the value of the elastic deformation of the machine; 
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Yog the wear of the grinding wheel] on the side, 


After differentiation with respect to time we obtain 


(2) 


dy 
where S, —_* is the speed of the transverse movement of the saddle or 
the saddle feed; 
dy 
S == the rate at which the allowance is removed or the actual 
feed; 
_ the rate of the elastic deformations of the machine-tool- 
component system; 


dy, 
= —;Sthe rate at which the grinding wheel wears out. 


Fig. 2. Variations in the power of the grinding 
wheel, motor, actual feed and the feed of the 
saddle during the grinding process. 


In Fig. 1 we can represent the machine-tool-component system by a link 
conventionally called ‘‘machine’’. In the equation for this link (2) 
the rate of resilient deformations and wear of the grinding wheel depend 
on the grinding conditions and are functions of the actual] feed 
S,= fy (Sali Sy, fo (Sq). In order therefore to solve equation 2 
we must determine the stated dependencies, As no reliable information 
has as yet been published on this question, we produced an experimental 
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rig for measuring and recording the elastic deformations in the process 
of grinding on a 3250B type interna] grinder, The elastic deformations 
of the forces and moments arising during the grinding process were re- 
corded by means of wire “gauge-transmitters’’ attached to the shaft of 
the grinding spindle [3]. 


The rate of wear of the grinding wheel was defined as the difference: 


Sy, = - (Sq + S,). 


The feed of the saddle and the actual feed were determined by dif- 
ferentiation of the curves y, = f(t) and y, = f(t). These were taken 
by a photoelectric indicator and photoelectric gauge whilst grinding. 

As a result of the experiments we obtained the relationships y, = fy 
(S,) and Soe = f(S,), the analytical expression of which has the form: 


Se=cnSg 


where C = 0.157, n = 0.75, 6 = 0.414 and 2 = 2 14, 


Substituting these relationships into equation 2, we obtain 


bS™ + (3) 


“aT 


Thus the transient process in the “machine” link can be described by 
a non-linear differentia] equation, 


As the experiments showed, in the first approximation the non-linear 
dependencies y, = f, (Sq) and S,, = fo (S,) can be replaced by linear 
dependencies with a smal] degree of error, 


Then 


(5) 


and the linear equation of the machine corresponds to the equation for 
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an ordinary aperiodic ] ink 


is the amplification factor of the ‘‘machine’’ link; 


- its time constant. 
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Pig. 4. Theoretical and experimental curves 

f(t) inthe grinding process: 
1 — calculated by displacement theorem; 2 —- calcu- 
lated by the method of phase families; 3 — experi- 


ment. 


The physical] time constant of the ‘mMachine’’ link is the time taken 
for the elastic deformation of machine to reach its steady value during 
the grinding process under the effect of continuous saddle feed in the 
absence of wear to the grinding wheel. The time constant can be ob- 
tained by integrating the link equation within the limits from ¢ = 0 to 
t= 47,, ignoring the wear of the grinding wheel, 


The amplification factor of the link takes into account the decrease 
in the steady value of the actual] feed as a result of the wear of the 
grinding wheel, 


The time constant 7, depends on the rigidity of the machine-tool- 
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component system and the wear of the grinding wheel. In the case of a 
3250B type internal] grinder, T, ~ 10 sec, but in the case of an L38 
type ball-grinding machine, T, % 3 sec. If rigidity is reduced owing 
to the wear of the components of the machine, t. increases four times 
over at a maximum, but if soft grinding wheels are used, it is reduced 


two times over, 


The set of differential equations for the drive under consideration 
has the following form: 


Uz - Upp(Sq) = Uy; 


dt 


Upp = Ug + 


k ty and kite are the amplification factors of the 
amplifier of the measuring unit, re- 
duction gear, machine, converter 3C 
and the feed motor (as regards voltage 
and moment); 


the time constants of the amplifier of 
the measuring wit, feed motor and 
‘‘machine’’ link; 


the static moment on the shaft of the 
feed motor; 


the control current of the measuring 
unit. 


In the feed system of a 3250B type intemal grinder 


k, = 0.8 ma/V; = 2.17 x 10°? mm/rev; 


r 


k= 0.91; = 40 V x min/mo; 


key = 15.4 rev/V x min; kp, = 4880 rev/min x ke m7; 
T,=0.6 sec; T,=0.02 sec and T,711.5 sec. 
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The dependence Uys (S,) was obtained from the characteristics of the 
feedback unit Use = f(P,) and the experimental relationship P, = f(S,). 


The transient process in the system was calculated by a method based 
on the displacement theorem in operational calculus, it here being 
supposed that all the links of the system are linear except the relay 
measuring unit, Use was also made of the method of phase families [4). 


As follows from Fig.4 which shows the theoretical] and experimental 
relationships P. = f(t), good agreement has been obtained between the 
theoretical] and experimental curves, The largest divergence in the 
curves (10 per cent) obtains at the commencement of the grinding pro- 


cess. 


Using this method we can calculate the curves for actual] feed and the 
feed of the saddle, the amount of elastic deformation and the wear of 
the grinding wheel, the grinding power and that consumed by the grinding 
whee] motor on various types of grinding machine. 


A number of improvements have been made to the system of follow-up 
drive. A unit has been introduced which enables the value of the actual 
grinding power to be held constant. The no load losses of the grinding 
whee] motor can be measured before each cycle and increased by the loss 
of power by the motor, leaving the grinding power approximately con- 
stant, For this purpose a memory capacitor C is provided in the circuit 
(Fig.3). 


The BV-220 type electro-contact “‘transmitter-gauge’ ’ for measuring 
the workpiece works sufficiently stably on machines during operation, 
This gauge needs to be specially adjusted (after machining 2 to 5 ball 
bearing races) owing to the wear of the claw which comes into contact 
with the machining surface. The operator must also check the dimen- 
sions of each product by the inspection gauges, In this connexion work 
is proceeding on the development of a contactless measuring ‘‘transmitter- 


gauge’’. 


The operation of the system shown in Fig.3 is accompanied by 4 con- 
siderable number of contact operations during a cycle and a system using 
semiconductor contactless switching devices has been designed and 
insta] led. 


A new electric drive has been developed and produced for the grinding 
wheel. This maintains grinding speed constant by changing the angular 
speed of the grinding wheel. To drive the wheel use is made of a d.c. 
motor with continuously variable speed regulation above basic speed 
(Pig.3). The field of the motor is weakened by a special circuit 
rheostat or switch to the extent that the diameter of the grinding 
whee] is reduced, 
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The results of tests on this drive were good, It was established that 
the process of grinding with constant cutting speed proceeded more 
Stably than when grinding with a variable grinding speed. A further 
increase in productivity was therefore possible. 


The amount of metal removed per unit volume of the worked part of the 
erinding wheel (specific productivity) when grinding at a constant 
cutting speed was 30 to 40 per cent higher than that when grinding with 
a variable cutting speed. The durability of the grinding wheels when 
grinding at a constant cutting speed was 30 per cent higher than when 
grinding with a variable cutting speed, 


A disadvantage of the d.c, motor drive is the need of a greatly sta- 
bilized supply source, 


Conclusions 


1. To increase grinding productivity and improve the surface finish 
of the workpiece, it is expedient to use a variable drive for the 
grinding whee] jointly with the follow-up drive for the transverse 


relay-operated feed, 


2. The use of follow-up feeds makes it possible to automate ball- 


grinding, internal grinding and other types of grinding machine con- 
pletely and simplify their kinematics, 


3. When developing electric drives it is advisable to take the elastic 
deformations and wear of the grinding wheel into account by representing 
the machine in the form of an aperiodic link in the system of regula- 


tion. 


4. On the basis of the derived equations we can calculate the tran- 
sient processes in these grinding machine drives by methods of solving 


non-linear problems, 
Translated by Blunn 


REFERENCES 


1. B.S. Zheleznov; Electrical follow-up feed for grinding channels in ball 
bearing races, (Elektricheskaia slediashchaia podacha dlia shlifovaniia 
thelobow kolets podshipnikov), Diss. ME1, (1957). 

2. A.A. Sirotin, V.A. Eliseev and S.I. Popov; New electric drive for internal 
grinders, (Novyi elektroprivod wnutrishlifoval‘nykh stanow). Trud. MEI, 
No.30, (1958). 

3. V.A. Eliseev; Follow-up feed for internal grinding aachines taking into 

account the rigidity of the machine and the wear of the grinding wheel, 


= 


4. 


An automatic motor drive for grinding machines 


(Slediashchaia podache wnutrishlifoval’noto stanka, uchityvaiushchaia 


thestkost’ stanka i iznos shlifowal’nogo kruga). Diss. MF1, (1959). 
A.A. Sirotin: Automatic control of electric drives, (Avtomaticheskoe 


upravlenie elektroprivodemi). Gosenergoizdat, (1959). 


1960 


aa 
> 


960 


AN ELECTRONIC COMPUTER STUDY OF AN 
AUTOMATIC HELMSMAN* 


I.R. FREIDZON 


(Lenin Electrical Engineering Institute, Leningrad) 


(Received 21 January 1960) 


One method of developing and investigating automatically controlled 
steering is to use modelling by means of analogue computers, Here in 
the first stage of development it is expedient to confine oneself 

solely to mathematica] modelling, i.e. the solution of the mathematical 
relationships determining the behaviour of the system. The elements of 
the mathematica] mode] can be replaced by their originals later, Using 
an electrical model simulating the hydrodynamic link we can adjust real 
steering systems under laboratory conditions, 


To hold the ship on its course it is necessary to turn the rudder 
periodically to this or that angle. Each turn of the rudder slows the 
ship down soemwhat and not only compels the ship to return to the de- 

sired course but also to deviate the other way, 


The following functions must be performed if the ship is to be held 
on course with sufficient accuracy by the automatic control: 


(a) When the ship deviates from the desired course, the system should 
immediately turn the rudder through a sufficient angle for the ship to 

begin to return to the desired course, This initial (primary) angle of 
turn of the rudder depends on the type and conditions of sailing. 


(b) As the ship only “‘obeys’’ the rudder, the system should begin to 
turn the rudder and return it to the ‘‘forward’’ position before the 
ship comes back on course, 


(c) When the ship is back on course, the system should ensure that the 


* Elektrichestvo, 7, 20-25, 1960. 
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rudder is turned a little to the side opposite to the original turn, 


(d) It should be possible to widen the zone of insensitivity to the 
‘*roaming’’ of the ship on course as a function of sailing conditions at 
sea, In good weather the system should react to small] angles of devia- 
tion of the ship from the set course; in choppy weather the ship should 
be allowed a certain freedom to roam on course, i.e, the angle of 
deviation at which the automatic helm wil] begin to turn the rudder 
should be increased, 


| 
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Fig. 1. Block diagram of ship’s automatic control 
system. 


In the following the results are given of an investigation intu am 
automatic helm which has already been produced, 


Fig. 1 shows the block diagram for the automatic control] of the ship, 
consisting of a hydrodynamic link HL (body of the ship, rudder, mass of 
the water) and an automatic steering system, 


The automatic steering system incorporates an ‘‘executive’’ motor and 
reduction gear £M¥ and a dynamoelectric amplifier DA, which is the main 
power amplifier, The contro] windings of this amplifier are fed from a 
magnetic amplifier WA, which is the first stage of amplification for 
the contro] signal, Diodes are installed at the input to the MA to 
limit the magnitude of the control current (Input to MA), 


* The automatic steering system was proposed by A.P. Sheffer and 
G.I. Parfenov A.V. Mozgalevskii, V.F. Brenev, Iu.A. Lukomskii and 
V.M. Aleksandrov took part in the experimental investigations. 
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The measuring unit of the automatic helm circuit is a sel syn-measuring 
link (SMLk), consisting of a number of linear rotating transformers, a 
and a selsyn-receiver gyrocompas, 


selsyn ‘‘transmitter-gauge’’ 


The master element in the follow-up rudder control system is like that 
in the system for automatically controlling the course of the ship, i.e. 
a control wheel with a master measuring link MML connected to it. In 
the first case the wheel is used for the followup control of the rudder, 
whilst in the other case, changes in the desired course are controlled 
by the introduction of degree corrections, 


Along with the basic feedback (from the object under control) which 
supplies a signal to the input to the automatic helm proportional to 
angle of the course yp, the system also incorporates parallel] correc- 
ting devices and additional feedbacks, 


One of the main parallel correcting devices is that for automatically 
correcting the desired course under the influence of prolonged external 
forces PD creating a moment around the vertical axis of the ship. A 
signal is formed at the output of this device proportional to the in- 
tegral from the angle of the course Jwde, the introduction of which 
makes it possible to reduce the static error of the system considerably. 


The presence of a tachometer generator 7G made it possible to intro- 


d 
duce the derivative of the deviation “ and thereby ‘‘suppress”’ the 


oscillations which can arise due to the variability of the object and 
the imperfection of automatic helm itself. The introduction of the 
derivative into the law governing the regulation to a certain extent 
compensates the imperfection (non-ideal state) of the automatic helm 
and makes it possible to force the speed at which the rudder is turned, 
The automatic helm is also covered by a rigid feedback for the position 
of the rudder (provided by the selsyn-measuring link cf the rudder 
SMLr), which makes it possible to bring about the follow-up state of 
rudder control, The coefficient of this coupling K. determines the 
sensitivity coefficient of the automatic helm, 


The automatic helm system comparises two additional negative feedbacks 
as regards the output voltage of the dynamoelectric amplifier. One is 
rigid (RFB) and produces a signal U,, whilst the other is flexible (FFR) 
with a signal U,. The rigid negative feedback is permanently effective 
and makes it possible to reduce the time constant of the ‘‘covered’’ 

link, whereas the flexible feedback is only effective in transient con- 
ditions, serving to stabilize the system. 


It is quite a complicated matter to investigate and perform the 
necessary calculations for a multi-circuit system in a follow-up drive, 


| 
{ | 
= 
j 


An automatic helmsman 


The use of mathematical modelling is therefore most effective, 
The following initial equations have been adopted: 
U,(p)- 
= - Up - U Uz + - Uy (2) 


p)-U,(p) 


K, (Pp): 


$7.37 
(1+-7,, p)p-2( p) } eM *57,3U 4, (p): 


C; s 


(5) 


Ug p= Ty Ugg (PI: 


pu int) = K int(?e (7) 


Usd 


K 


U,(p) = Ky * @(p); 


pe + h,3? PY t = (19) 


p*y r,, py 0, (11) 


where Uy: Yaar Uys Use and U, are the output vol- 
tages, respectively, of the selsyn-measuring device of the 
course, magnetic amplifier, dynamoelectric amplifier, rigid 
feedback, flexible feedback, selsyn-measuring device for the 
rudder (steering), integrating link, tachometer generator and 
the master measuring link, proportional to the angle through 
which the contro] whee] is turned ¢&:; 


Kae’ K aa? Riso K, and are the coefficients of 
amplification of the appropriate links; 


Tem Ty 4 T, the time constants of the contro] 
windings of the dynamoelectric amplifiers, the electro- 
mechanical] constant of the executive motor, and of the rigid 

and flexible feedback circuits; 


(U )30 


C= and = 0.102c¢ are coefficients of propor- 
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tionality calculated from the catalogue (rated) data of 
the executive motor; 


is the total resistance of the armature circuit of the 
executive motor; 


is the transmission ratio of the reduction gear from the 
executive motor to the rudder head; 


the moment of resistance on the rudder head, a function of 
the angle through which the rudder fin is turned; 


a the angle of turn of the rudder; 


¢, the angle of deviation of the selsyn-measuring device for 
the course of the ship; 


y and B angles of the course and drift of the ship; 


Boy" hy. coefficients depending on the course of 
the ship. 
These equations describe the behaviour of all the automatic control 
system of the ship, including the hydrodynamic link and the automatic 


helm, 


Equations 10 and 11 for the hydrodynamic link are adopted in accord- 
ance with the equations proposed by L.P. Kuz’ minyi, R,Ia, Pershits and 
E.B. Iudin. 


Before turning to the block diagram of the modelling system it is 
necessary to convert the equations into a suitable form for modelling. 


Since the real variables on an analogue computer (speed of rotation, 
currents etc) are reproduced'in the form of voltages, the variations 
of which with time are governed by a similar law, to convert the quan- 
tities into machine wnits it is necessary to introduce the scale coef- 
ficients which take into account the variations in the dimensions of 
the variable systems, The scale coefficients show how many machine 
units are necessary per unit of real quantity, i.e, 


where Mi(m) are the values of the variable quantities in machine units; 


x the values of the variable quantities in real units, 


A “reference’’ voltage of the model is used for one machine unit, A 
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new independent variable is also introduced Tia) (machine time): 


which takes into account 


where Y, is the scale coefficient of time 
the relationship between the time taken for the processes to 


Then 


take place in nature and the machine, 


or in operator form 


Besides introducing the scale coefficients, it is necessary to con- 


vert the equations to the form: 


Thus, the transformed equations in suitable form for modelling wil! 


be: 
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A block diagram has been prepared corresponding to these equations, 


modelling the system (Fig. 2) realized by means of the resolving wits 


of a W-7 type non-linear electronic model, 


The input to the system is the voltage modelling the angle of turn of 
the control wheel (¢ rer whilst the output is the voltage on the anm- 
plifier which varies analogously to the variation in the course of the 


ship 


The real automatic helm apparatus has made it possible to check how 


correct the modelling of the system is and establish to what extent the 
linearization is permissible used in formulating the equations for the 
automatic helm For this purpose an investigation was made into the 
process of turning the fin of the rudder on real apparatus and the 


model with two values of the master signal, 


Fig.3 shows curves for the variation in the speed of rotation of the 
drive motor a and the angle of turn of the rudder a, abtained experi- 
mentally. With a small] input signal the transient processes reproduced 
on the model (curves 1 and 2) agree quite wel] with those taking place 


in the automatic helm (curves 3 and 4), whereas at a large input signal 


the modelled transient process (curves 5 and 6) is considerably ditferent 
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from the real thing (curves 7 and 8). At large input signals there is 
quite satisfactory agreement between the transient processes (the mode ]- 
led process and that actually taking place in the automatic helm) if 


account is taken of the non-linearity of the parameters of the system 


(respectively curves 1, 2 and 3, 4 in Fig.4). 
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com, 


input yA 


da 


Pig 2. Block diagram of modelling system. 


The wreatest effect is had by the non-linearity of the coefficients 
of amplification MA and DA, and also the diode limitation at the input 
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The greatest effect is had by the non-linearity of the coefficients 
of amplification MA and DA, and also the diode limitation at the input 
to the WA. Therefore the product of the amplification factor times the 
input voltage for the corresponding links was adopted in accordance with 
the curves given in Fig.2. The stated non-linear relationships are 
realized by means of diode limitation in the feedback of the resolving 
units 9 and 17, whilst the relationships are realized by means of diode 
limitation in the feedback of the resolving units 9 and 17, whilst the 
relationship Kaqg Vag * ((U,,) 18 realized by means of a functional 

diode converter pc. Other non-linear relationships (M. = f(a); B 2) 
were likewise realized on the model, 


The initial propositions of the model thus produce reliable results in 
practice and can be used as a basis for investigating the automatic helm 
under all conditions, if account is taken of the non-linear character of 
the variation in the parameters of the system. 


The main problem in the investigation was the choice of the optimum 
parameters of the system, such as would ensure sufficient stability, and 
high quality system performance. There was also the problem of inves- 

tigating the behaviour of the real apparatus jointly with the model, 


The stability of the system was evaluated at the same time as the 
quality of the regulation was determined depending on the type of tran- 


sient process, 


In the first instance an investigation was made into the effect of the 
parameters which can vary in the finished system during the process of 
adjustment (e.g. the coefficient of rigid feedback, the sensitivity 
factor). An investigation was also made into those parameters which 

may vary during the development stage (amplification factor of the mag- 
netic amplifier, feedback, transmission ratios, coefficient of the 


integrating link and so on), 


The investigation into the effect of the rigid feedback on the opera- 
ting speed of the automatic helm shows that there is an optimum value 
for the rigid feedback coefficient at which the transient process is of 


minimum duration (Fig.5). 


The variation in the coefficient of sensitivity K, notably affects 
the transient process, The increase in the coefficient of sensitivity 
within the limits of 0.67 to 1 and above leads to the rise of an oscil- 
lation process (Fig. 6) and prolongation of the transient process 

(curves 1 to 3). 


The variation in the coefficient of amplification of the system had 
very little effect on the form of the transient process and the magni- 
tude of regulation (Fig.6, curves 4 to 6). 
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The character of the transient process had a considerable effect on 
the integrating link. The presence of an integrating link, due to the 
need to keep the ship on its course, as a rule leads to the rise of a 
process of oscillation, as can be seen from the curves in Fig.7. 


degrees 
(Curves 


27.0F 34 


gec 


Fig. 3. Curves for the transient process: @ = 
= f(t) and f(t) (linear state). 


The increase in the coefficient of the integrating link, although 
leading to a certain increase in the ‘‘troaming’’ of the ship, yet sharply 
reduces the amplitude of the ‘‘roaming”, and this can be expedient in a 
number of cases, 


It is very important to take into account the effect of the angle of 
drift on the character of the transient process, 


If it is assumed that the rise of the hydrodynamic forces is propor- 
tional solely to the angle of drift, the curves for the transient pro- 
cess then bear a pronounced swinging character (Fig.7, curves 1 to 3). 


If it is borne in mind when modelling, as is the case in real con- 
ditions, that the hydrodynamic force is proportional to the square of 
the angle of drift, the transient process wil] then bear a pronounced 
aperiodic character (Fig.7, curves 3 to 5). This again confirms the 
need to take the non-linear character of the equations into account, 


When considering the effect of the tachometer generator on the 
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operation of the system, it must be mentioned that it is not so much 
the magnitude of the tachometer generator signal which affects the 
stability of the system, *s-its sign (Fig.8). 


s| 
degrees |” 
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Fig. 4. Curves for the transient process a= f(t) 
and n = f(t) (non-linear state) 


x 


Fig. 5. Dependence of the time of the transient 
process in the system on the coefficient of rigid 
feedback: 

1 linear state; 2 -—- non-linear state. Coeffi- 
cient of sensitivity 0.67. 


Investigation of the real model of the 
automatic helm jointly with the model of 
the hydrodynamic link 


The electronic mathematical model of the hydrodynamic link, as stated 
above, makes it possible to adjust the finished apparatus of the auto- 
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matic helm under automatic operating conditions before installation on 
board ship. 


Since the output of the model] of the hydrodynamic link receives a 
variable voltage governed by a similar law to that governing changes in 
the course of the ship y, whilst the input to the automatic helm system 
is the angle of turn of the selsyn-receiver, there is a need for a 
special device to match the output of the mode] and the input to the 
automatic helm, In our investigations we in fact used an electrody- 
namic block £pB for this purpose. It converted the voltage into the 
angle of turn of the selsyn-transmitter. 


The angle through which the fin of the rudder turned was proportional 
to the voltage taken from the selsyn measuring device of the rudder, 
The rectified voltage of the selsyn measuring device of the rudder is 
fed to the input to the electronic model of the hydrodynamic link, The 
helm-hydrodynamic link system is thus closed, 


Fig.9 shows curves for @= f(t) and wy = f(t) when a degree correc- 
tion is made to the course in the automatic operating conditions of the 


helm, 


decrees 


Pig. 6. Curves for the transient process = f(t) 
at different values of the coefficient of sensiti- 
vity K, = (1-3) and amplification factor of the 

system (4-6). 


The curves for the transient process show that over-regulation occurs 
when the ship is returned onto its set course, depending on the sen- 
sitivity factor of the automatic helm. With a coefficient of sensi- 
tivity Kk, = 0.67, the over-regulation is 125 per cent, but when K, = 
= 0.5, it is 100 per cent. But it takes longer for the ship to return 


to its set course if K. is increased, 


The use of mathematical mode] ling by means of analogue computers makes 
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it possible to investigate the automatic helm under follow-up and auto- 
matic operating conditions, the degree of accuracy here being quite 
adequate for practical purposes, 


Fig. 7. Curves for the transient process at dif- 

ferent values of the coefficient of the integrat- 
ing device: 

-.-.-.—. Kint 20 times less than Ky 


K int = Ki’ Kiet! 5 times less 


than K nom’ 1 to 3 - B? not accounted for; 4 to6 


- B 2 taken into account. 


Pig. 8. Curves for the transient process w= f(t) 
for different values of the coefficient of the 
tachometer generator K te 


When the deviations are small, the fin of the rudder of the automatic 
helm can be regarded as a linear system, Its behaviour is described by 
linear differential equations with constant coefficients. At consider- 
able angles of deviation the fin of the rudder becomes an essentially 
non-linear system, and its linearization for the investigation leads to 


an inadmissibly large degree of error, 
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The appropriate choice of parameters for the automatic helm can ensure 
the stability of the system in the follow-up state, the return of the 
ship to its set course here taking the minimum amount of time. 


4 


Pig. 9. Curves a= f(t) and yb = f(t) for combined 
operation of the real apparatus and the mode! of the 
hydrodynamic link. 


Using the electrical model simulating the hydrodynamic link, it has 
proved possible to adjust real automatic helm systems under laboratory 
conditions. This saves a considerable amount of time on installation 
work on board ship. The use of mathematical modelling by analogue 
computers also makes it possible to determine the suitability of exist- 
ing automatic helms for different types of ship. 


Translated by Blunn 
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THE 500 KV SUBSTATION AT SVERDLOVSK* 


L.D. GUSTOV, M.I. LEVIN, A.ML MARINOV, 
L.M. MYZIN and A.P. PETROKOV 


Sverdlovsk 


(Received 19 January 1960) 


The first stage of the substation at Sverdlovsk was begun last year. 


Provision has been made for equipment and switchgear of 500 kV. The 
substation is intended to receive power from the Lenin hydro-electric 
Station on the Volga, the “Botkinsk” hydro-electric station and large 
thermal power stations, 


The plan made by the Department of long distance transmission and 
Teploelektroproekt envisages the connexion of 500 kV lines from 
Chelyabinsk (transmission system from the Volga hydro-electric station 
to the Urals) and from the Botkinsk hydro-electric station, In addition, 
provision is made for the possibility of enlarging the substation in the 
future by connecting three further 500 kV lines to it. Two groups of 
Single phase auto-transformers (500/ 242/38.5 kV) will be installed there 
with booster transformers for prolonged voltage regulation, 


In order to reduce the cost of expensive 500 kV apparatus and ensure a 
high degree of reliability in the 500 kV distribution gear, use is made 
of the system shown in Fig.1. The lines are connected to the 500 kV 
busbars via two circuit breakers and auto-transformers without circuit- 
breakers. 


The Sverdlovsk substation is an extension of the old 220/121/11 kV 
substation there, with 500 and 35 kV distribution gear added on, The 
auto-transformers are connected to the 220 kV busbars via two MKP-220 
type circuit breakers. The increased amount of 500 kV distribution gear 
has brought about an increase in the number of 220 and 110 kV lines and 


* Elektrichestvo, No.7, 61-65, 1960. 
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The 500 kV substation at Sverdlovsk 


the two 220/121/11 kV transformer groups have been replaced by two 
groups of larger auto-transformers. Provision is made for more 220 and 
110 kV oil circuit breakers, 


The groups of auto-transformers on the 38.5 kV side operate separately. 
The 38.5 kV winding of each group is connected to small] 35 kV distribu- 


tion gear, 


In the first stage of the substation use has been made of the 500 kV 
transmission line block system (auto-transformer with one MKP-500 cir- 


cuit breaker). 


To measure the voltage, provision is made for electromagnetic HKF-500 
type transformers, connected to the 500 kV lines at the point where they 
enter the substation. The All-Union Electrical Engineering Institute 
has carried out tests on the transmission system between the Volga 
hydro-electric station and Moscow which show that electromagnetic meter- 
ing transformers are instrumental] in reducing internal voltage surges at 
the ends of the line under transient conditions, 


The transmission line between the Volga hydro-electric station and the 
Urals was originally planned for 400 kV. Later, when construction had 
already started on the Sverdlovsk substation, it was decided to use 500 
kV but with the same insulation levels and, consequently, the same 
dimensions as had been approved for the 400 kV distribution gear, 
was possible owing to the use of special protector “dischargers’”’ which 
involuntarily limit interna] voltage surges of 2.5 U,. These protectors 
are installed at the lead-ins to the transmission lines and auto-trans- 


This 


formers, 


Pig. 2. Principal circuit of the 
automatically variable bank of 
static 60 MVA capacitors 


On the 220 and 38.5 kV side, RVS-220 and RVS-35 type dischargers have 
been installed in the immediate vicinity of the lead-ins to the auto- 


transformers, 


The 500 kV substation at Sverdlovsk 


To maintain the necessary voltage level under different transmission 
conditions, provision is made for two banks of 60 WA static capacitors 
with an automatic system of forced capacitance (Fig.2) and three three- 
phase shunting reactors also of 60 MVA each, The capacitor banks and 
reactors are connected alike to the 35 kV busbars, 


1960 


Fig. 3. Layout of substation. 
1 — 500 kV distribution gear; 2 - 
§00/242/38.5 kV auto-transformers; 3 - 
220 kV distribution gear; 4-— 110 kV 
distribution gear; 5 — control panel; 
6 — machine room for synchronous compen- 
sators; 7-— oil works; 8 — oil store; 
9 — auxiliary plant; 10 —-— living quar- 

ters. 


The 500 kV oil circuit breakers made by the ‘Uralelektroapparat ’’ 
works have been installed, 


The advantage of oi] circuit breakers over the air-blast kind con- 
sists in their greater reliability in operation in the bleak climatic 
conditions of the Urals, They have built-in current transformers at 
the inputs, are cheaper and take up less space in the substation. How- 
ever, until not long ago, oi] tank circuit breakers could not compete 
with air blast circuit breakers as regards operating speed, The 
“Uralelektroapparat’’ works has designed an oi] tank circuit breaker 
which ensures the necessary operating speed and rupturing capacity. 


A nusber of measures have been taken so as to reduce the volume of 
work on the erection of the substation and cut costs, as compared with 
the substations built on the transmission system between Moscow and the 
Volga hydro-electric station, At the Sverdlovsk substation al] the 
contro] panels and relay protection are housed in one building, not two, 
The busbars of the 500 and 220 kV distribution gear are made from 


aluminium-steel, coupling devices are simpler, the load lifting devices 
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in the transformer shop are simpler and they are smaller in size, and 
SO on, 


A great saving has been made in construction and erection by adding 
the 500 kV substation onto the old 220/110 kV substation, Taking into 
account a certain lengthening of the 500 kV lines, this brought a saving 
14 million roubles, much less cable and equipment was used and there 

was no need to build a number of auxiliary premises and living quarters, 
The running cost of the combined substation was also less, In par- 
ticular, the number of employees was the same as that before the 500 kV 


Substation was added on, 


The arrangement of the old 220 and 110 kV distribution gear (Fig.3) 
made it a very simple matter to solve the problems connected with the 
layout of the 500 kV distribution gear, 


The 500/242/38.5 kV auto-transformers were installed in line with the 
Old 220/110 kV transformers along the railway track. The 220 kV busbars 
were lengthened by a few extra spans, The 35 kV shunting reactors and 

capacitor banks were arranged between the auto-transformers, 


To assemble, erect, inspect and repair the 500/242/38.5 kV auto- 
transformers, a new large transformer tower with a crane carriage 
capable of lifting 200 tonnes was added onto the old tower, 


Since two circuit breakers had to be installed in the section of each 
500 kV line, it seemed advisable to arrange the collector busbars out- 
Side (Fig.4). This required far fewer insulators and supports for 


carrying the busbars, 


With multi-sided stress of the conductors in adjacent sections, the 
axes of the central pylons coincide in all the sections, This has made 
it possible to reduce the number of pillars on the central pylon con- 
siderably, without increasing the weight of each of them, The busbars 
were susnended 22 m high on the line pylons and 26 m on the central 


pylon, 


The main automobile roads on the distribution gear site were laid 
between the circuit breakers and the line disconnectors, 


So as to be able to transport equipment under the busbars without 
having to switch them off, the line disconnectors are raised on sup- 
ports 4m high, The total width of a 500 kV section is 28 m, length 
137 m The assembled auto-transformers were transported from the tower 
to the point of insulation along the railway track, which is laid on a 


reinforced concrete base, 


Lighting conductors offer the substation protection from direct 


> 
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lightning strikes, These are mounted on 


the pylons, or else stand separately. The Pp (ty 
individual lightning arresters are used > a! | 
as searchlight poles. > 1 

After the installation of the 500 kV 4 o 
distribution gear, the contro] panel 
premises and the auxiliary equipment of > 4 | : 
the old 230/110 kV substation needed no >» jf ; 
renovations or extensions, with the > i. 
exception of the open oil store, where > a Pa 
three extra tanks of 60m capacity each : * | 7 


were instal led, 


The Sverdlovsk substation is provided 
with special equipment manufactured by | 
our national electrical engineering in "| 1960 
dustry. ba 
A group of three three-winding single » - 
phase AODTG 135000/500 type auto- > % 
transformers was made by the Zaporozhe > 0 J 
transformer works, Table 1 shows the 
main parameters of the single phase 
« ° 
transtormers. j 
The group of three single phase auto- \ 
transformers 158 connected on the Y | 
auto/ A 12 - 11 system and has a rated 
output of 405,000/405, 000/ 180, 000 kVA be 
The auto-transformers are oil-cooled with 
individual blast. 
There are two current transformers at 
the inputs to al] of the high and medium 
voltage windings and neutral, ak 
“| 


The auto-transformers are mounted on a 
screwed base-plate foundation, 


Regulation is maintained over long 
periods of time by means of a booster 


transformer (Fig.5). There are 22 de- 


grees of regulation and voltage can be 2 
varied within the limits of + 6 per cent > ii 
of rated, 


The 500 kV oi] circuit breaker installed 


| 
| 
at 
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at the Sverdlovsk substation was the first one ever produced, The 
breaker consists of three separate phases, each of which is controlled 
by its electro-magnetic drive and has eight built-in current transform- 
ers, The tank of each breaker contains four arc quenching chambers with 
Shunting resistances, The arc quenching chamber has eight breaks, i.e. 
the total number of breaks per phase is 32. The arc quenching chamber 
is of the same construction as that of the \KP-220 type breaker, The 
breaker’ s contacts have a cermet fusion. 


TABLE 1 


Rated output with connected blast, 


Rated output with disconnected 
blast, MVA 


94.5/94. 5/42 


No load voltage, kWV.. .. .. .. 
V3/ 


Alternating voltage used to test 
the insulation at the line end 
of the winding, kV ~+ «+ «+ |700/400/85 


No load current, .. .. 1|3.3-3.6 


No load losses, kW 333-348.5 


Short circuit losses in the 500/242 
kV state at 135 MVA, kW eo 


Short circuit voltage between 500 
and 242 kV windings, in terms of 


Arc quenching time is 0.015 to 0.04 sec when tripping a short circuit, 
total tripping time is 0.05 sec, it takes 1.5 sec* to connect up the oil 
breaker and the automatic reclosure cycle is up to 1.65 sec, 


The oi] filled capacitor VVP-500/1500 type leads were produced for the 
breaker by the Moscow ‘Insulator’’ works, In their assembled form, the 
leads (from top to bottom contact) stand 8.4 m high, including the 
extra-tank part 5.1 m high. The leads were designed to operate at 
ambient temperatures from -45° to + 35°C. 


The total height of the 500 kV breaker is 12.2 m, weight of one phase 
without oi] is 35 tonne, with of] 64.4 tonne, The principal character- 


* Actual connexion time was 1.2 to 1.3 sec during tests at the substation. 
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istics of the MKP-500 type breaker are given in Table 2. 


To protect the substations equipment from atmospheric over-vol tages, 
use is made of valve dischargers, The set of RVS-220 type dischargers 
is mounted on the 220 kV side at a distance of 25 m from the auto- 
transformer. The same level of insulation is used at the 500 kV sub- 
station as for a 400 kV station, In this connexion, provision is made 
for “combined’’ dischargers which are to limit the overvolt ages occur- 
ring in transient processes in 500 kV transmission to 2.5 U,y. 


1960 
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Fig. 5. Connexion of the booster transformer 
plus a group of auto-transformers. 


Precautionary tests were carried out on the insulation of the high 
voltage equipment during the erection and starting of the substation. 
Other tests were also made on the auto-transformers, the rupturing 
capacity of the WKP-500 type circuit breakers and so on, 


The insulation of the auto-transformers was tested before drying, 
whilst drying, at the end of drying and also after final assembly and 
contro] heating. MWeasurements were taken of the insulation’s resis- 
tance, leakage currents on rectified voltage, dielectric losses, capa- 
citance and the moisture content of the ‘PKV’’ instrument’s windings, 
The tests showed that the insulation was up to standard, 


The booster transformer was filled with oi] at the works and de- 
livered to the substation in this form. As a result of checks made with 
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the core removed and standard tests, the insulation of the transformer 
was not subjected to drying. 


TABLE 2 


Rated operating voltage, kV 


Maximum operating voltage, kV.. 


Rated current, 


Tripping 


Rupturing capacity, 


Maximum possible through current! 
effective value), A -» «+ 29,000 


Rated voltage of drive, V.. 


TABLE 3 


vas imum Coefficients of 
Test Arc voltage increase Number 
Type of test current recovery of 
tage- time | Bet ween 
kV 1072s eal v/ ace Phase leads 
breaker | 
220 |Tripping short | | 
circuit 0.6°5.3 |1.9-2.8) 200-500 1. 25-1. 78 1. 24-1. 58) 7 
220 |Tripping as load 
line .. .. .40,.15-0, 251. 6-2. | 1. 38-1. 62 A. 6° 
475 |Tripping as load 
35-0. 250. 2-3. 1. 15-1. 29/1.13-1.31) 13°° 
475 | Tripping short 
circuit «4 1.0-1.4 4, 200-4, 7001. 23-1.54/ 1.1-1.37 4 


° Accompanied by re-ignitions; 
°° No re-striking. 


Tests were made on the dielectric losses, capacitance, the quality of 
the oi] in the 500 and 220 kV oil-filled leads of the transformer group 
and the WKP-500 and \KP-220 type oi] circuit breakers. The measurements 
and checks proved satisfactory, The same applies to measurements taken 
on the oil-filled OMPV- 188 type support-suspended insulators for the 

MKP-500 circuit breaker, 


All the 500, 220 and 35 kV dischargers, SMR-133 and OMR-35 type capa- 
citors (of which the 500 kV coupling capacitors were composed), and al] 
the support and suspension insulators of the open 500, 220 and 35 kV 
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distribution devices were tested in accordance with the supplier's 
in uetions. Before erection the insulation was tested on alternating 
fr : oster ‘st plant (a single phase 10 kVA transformer 
voltage up to 100 kV), The voltage was 
was tested after erection by a 2.5 kV 


Hout one per cent the insulators were rejected as a result 


High voltage, electromechanical and electro-therma] tests were made on 
the prototype of the \KP-500 circuit breaker at the works ‘Uralelektro- 
apparat’’ in 1958. The rupturing capacity tests were carried out by the 
hi voltage tests laboratory at the works “‘Uralelektroapparat’’ at the 
point of installation, In order to make the largest possible number of 
tests, the tests wre divided into two stages: before the erection of 
the auto-transformer was completed and after completion. 


In the first stage, the circuit breaker (one phase) was tested at 220 
kV, two of the four arc quenching chambers being shunted, The rupturing 
capacity of the breaker was tested in the presence of a two-pole short 
circuit at different distances in the cycles of tripping and instantan- 
eous automatic reclosure on the contacts of the 220 kV breaker. In 
addition, the breaker’s rupturing capacity was tested on ano load 220 
kV line with a charge current of 150 and 250 A, 


In .the second stage the same circuit breaker was tested at an actual 
voltage of 475 kV for tripping the current of a two-pole short circuit 
without ‘‘earth’® in the same cycles, The point of short circuit was 


supplied via an auto-transformer, 
The test results are given in Table 3. 


Before switching on the operating voltage the auto-transformer was 
tested by raising the voltage across it from zero, To do this use was 
made of a 15 MVA synchronous compensator with the acceleration motor, 
installed at the 110 kV substation, which was connect ed to the Sverdlovsk 
substation for the 110 kV lines, The voltage on the 500 kV side was 
raised to 350 kV, i.e. W per cent of rated, 


With the opening of the 500 kV substation at Sverdlovsk, a big step 
forward has been made in the industrial application of the new high 
level of voltage. 


Translated by O. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.7, 1960 


High quality electrical steels and alloys. A.M. Samarin, 
(pp. 1-4). 


The electrification of the U.S.S.R. being the ‘‘main core” of the 
programme of communist construction in the next 15 to 20 years the 


author considers means of reducing the cost of materia] for electrical 
equipment and ensuring that the right metals and alloys are produced 
for the electrical] industry. He discusses silicon steels, iron, Fe-Al 
alloys, constructional steel with a low hydrogen content to reduce 
flaking, semiconductor materials, substitutes for copper and the pro- 


duction of pig iron in electric furnaces, 


Electrical equipment at the Bhilai iron and steel works. 
M.M. Brozgol, (pp. 5-'0). 


An account is given of the integrated iron and steel works built in 
India with the assistance of the U.S.S.R. 


On power regulation theory of electrical ore-smelting fur- 
naces. V.S. Lerner, (pp. 25-30). 


A description is given of the automatic system of power control] used 
chiefly in electric ore-smelting furnaces with a deep slag bath, An 
analysis is made of the link between the basic parameters of the regu- 
lator and the object so as to ensure the requisite static and dynamic 
characteristics. Reference is made to ‘‘system comprising a correcting 
circuit which has passed operational” tests, 


On control systems for the drives of wedium-sized excavators. 
M.I. Kraitsberg, D.A. Kaminskais and Y.P. Lomakin, (pp. 
30-35). 


A comparison is made between drive systems for excavator shovels (capa- 
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city 6 to 8 m?) using dynamoelectric ‘‘amplifiers jointly with inter- 
mediate magnetic amplifiers (cascade system) and dynamoelectric ampli- 
fiers by themselves (KhEMZ system). After studying a series of oscil- 
lograms of the performance delivered by these systems it is recommended 
that external flexible feedbacks be excluded. Lifting and drawing are 
performed more efficiently on the KEMZ system. The KEMZ system is 

recommended for medium power excavators, 


Grapho-numerical methods for calculating transients from 
structural schemes. A.M. Suchilin, (pp. 35-39). 


A method is proposed for simplying Basharin’s system of calculating 
transient processes in automated drives, Instead of ascribing a dif- 
ferential equation to each link in the structural] scheme, substituting 
a finite difference equation written in the form of a proportion and 
then performing the calculations graphically, the author proposes a 
‘Programme scheme of calculation’’ comprising elementary links which 
are found by recurrence formulae based on the transfer functions of the 
links, 


The d.c. magnetic field in a parallepiped. V.N. Rudakov, 
(pp. 39-41). 


Powerful magnetic fields arise in electrolyte baths producing electro- 
dynamic forces causing the meta] in the bath to shift. This entails 
the calculation of the intensity of the magnetic field of the anode 
current. The present paper proposes a simplified theoretical method of 
calculating the magnetic field in a rectangular paral lepiped., 


A synthetic scheme for testing circuit-breakers with long 
burning ares. N.M. Chernyshev and Z.A. Abramova, (pp. 
41-46). 


A study is made of methods of testing circuit breakers and an account 
given of a new synthetic system which is particularly effective in the 
case of circuit-breakers with long arc combustion time and a relatively 
large voltage drop in the arc, Use is made of an additional inductance 
of the order of 0,2 to 0.4 in the circuit, 


A combined way of switching in power circuits. N.F. Shishkin 
and P.Ia. Danilin, (pp. 47-50). 


The connexion of a constant resistance of practically zero value in 
paralle] to the consumer has not yet been widely used tor commutation 


purposes although it is more quick-acting, (use here being made of a 
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short circuiting device). A new method of commutation which involves 
no ‘‘metallic’’ short circuit of the supply source is pioposed using a 
combined switching apparatus with tripping and shorting systems of con- 
tacts incorporating a spring-magnetic mechanism, 


Surge protection of 35-500 kV switchgear today. N.N. Belia- 
kov and A.N. Sherentsis, (pp. 51-56). 


A study is made of proposals for simplifying the protection of electri- 
cal networks from surges, Special attention is paid to direct lightning 
strikes and the protection of distribution gear from waves of atmos- 
pheric overvoltages from the lines, 


The electrical characteristics of long insular strings for 


lines of 500 kV and higher. N.N. Tikhodeev and A.N. Tushnov, 
(pp. 56-61). 


A study is made of the electrical characteristics of long chains of 
suspension insulators in view of their high cost. Tests supported the 
belief that the type of protective fitting has no marked effect on the 
size of the discharge voltage of the chain if the fitting produces the 
discharge through the air and not along the surface of the insulators. 
It is argued that with alternating voltage the electrical] strength of 
long chains in the dry state and with a protective fitting is determined 
by the asymmetrical] air gap between the fitting and the tower, Account 
must be taken of the dry discharge voltage of the chain as well] as the 
wet discharge voltage, 


fm the deficiences of State Standard GUST - 8033 - 56 
“Electrical and Magnetic Units’’ L.B. Slepian dec’ d., (pp. 
66-67). 


The author maintains that the above State Standard is deficient in that 
two systems of electrical and magnetic units are permitted, namely the 
MKSA and Gauss systems. He advocates the use of the MKS(G) system, 
i.e. the practical Gauss system, 


Concerning the question raised by Professor L.B. Slepian in 
his article ‘(im the deficiencies of State Standard GOST 
8033 - 56°’. L.R. Neiman and E.G. Shramkov, (pp. 68-69). 


The authors state that Professor Slepian’s proposals for the use of the 
MKS(G) system of units (See previous abstract), though interesting, are 
less acceptable than the recommended \KSA system because of the need 

to introduce certain corrections, 
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The possibilities of detecting ferromagnetic conducting 
objects in ferromagnetic substances. L.A. Gel’ bukh, (pp. 


69-72). 


It is argued that in removing metallic inclusions from power, it is 
impossible to detect the metallic inclusions merely by determining the 
change in the e.m.f, of the signal or frequency, A method of indica- 
tion based on changes in phase is described, This is suitable for ore 
cleaning plant to prevent damage to the crushers in the event of 
foreign matter falling into the ore, 


Condenser paper having a small dielectric loss angle. 


V.T. Renme, M.N, Morozova and K.I1. Karpova, (pp. 72-77). 


Investigations have shown that Russian sulphate cellulose used for 
condenser paper has roughly the same pentosane content as that in 
America. A marked influence of the ash content of the paper on losses 
has been established. Even though organically equivalent to American 
paper and superior as regards the adjustment of the ash content, 
Russian paper is acknowledged to be inferior to the American product 
and it is recommended that paper with a reduced volumetrical weight, of 
the order of 0.85 to 0.9 ¢/cm®, be produced. 
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The characteristics of flashover along the layers of paper- 
oil insulation for direct voltage. M.A. Greisukh, (pp. 
77-82). 


It is considered necessary to take into account the total discharge 
voltage from the edge of one electrode to another primarily along the 
layers of paper for condenser-type paper oi] insulation in the develop- 
ment of current transformers etc, A study is therefore made of the 
discharge characteristics of the thickness of the insulation, the 
construction of the edge and the polarity of the voltage when the dis- 
charge distances vary within wide limits, The discharge voltage is 5 
to 6 times lower on d.c, than a,c, and positive polarity is advocated, 
Temperature changes between 20°C and 75°C and differences in edge thick- 
ness from 10 to 85 micron have no effect. 


Diagrams for determining the firing angle of a three phase 
bridge type rectifier. S.R. Glinternik, (pp. 82-85). 


A simplified diagram is proposed for determining the angle of commta- 
tion and the given ignition angle for a three phase bridge converter 

for current rectification inversion, The diagram can be used to calcu 
late the electromagnetic processes and converter characteristics in all 
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steady state conditions with the exception of a smal] zone in the 
vicinity of the short circuit state when three valves are arcing siml- 


taneously. 
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AN ELECTRICAL CURRENT STABILIZER* 
v.S. POPOV, M.N. SOLOV’ EVA and Iu.A. MAL’ TSEV 
(Leningrad) 


(Received 28 January 1960) 


The existing types of static direct current and voltage stabilizers 
usually have a marked temperature error and little stability over long 
periods of time i}. 


These shortcomings are to a large extent eliminated in the stabilizer 
with a thermistor [2). This stabilizer consists of a bridge which 
contains a resistance R. in one arm directly heated by a thermistor 
heater Ry which is connected via an amplifier in the diagonal] of the 
bridge (Pig. 1). We thus have negative feedback, which automatically 
ensures the balancing of the bridge. The load is connected to the 
output of the amplifier, in series with the heater R. or parallel] to it 
Re 

The bridge is not completely balanced during the process of operation, 
But if the amplication factor of the system is large enough, it is then 


practically in the equilibrium state, 


Since the resistances R,, R» and R, in the three arms of the bridge 
are constant, the quality of the stabilizer is in fact determined by 
the stability of the thermistor s characteristics, Metallic thermistors 
are the most suitable for use in stabilizers. The stability of semi- 
conductor thermistors is considerably less and, in view of this, there 
is limited scope for using them in stabilizers. 


The thermistor-stabilizer is suitable for stabilizing direct and 
alternating current and voltage, If alternating voltage is in the 
first case first rectified at the output of the amplifier, a stable 
direct current will flow across the load, Here negative feedback will 
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cover both rectifier and amplifier. To increase operating reliability, 
a magnetic amplifier can be substituted for the electronic amplifier. 


Let us analyse the stabilizer error as a function of variations in 
the amplification factor of the analyser, the load impedance, the bridge 
supply current J, and also in the presence of amplifier drift. 


It follows from Fig.1 that the current J, passing through the heater 
is directly proportional to the voltage Uy in the diagonal of the bridge 
and the amplification factor & of the amplifier. It also follows that 
ce is inversely proportional to the impedance :. Impedance : depends 
on the parameters of the output circuit of amplifier 


In turn 


where z is the internal impedance at the output of the amplifier. 


The voltage in the diagonal of the bridge is 


{ is the input impedance of the anplifier. 


in 


us introduce the following designations: 
RR, RR, 
R, 
(R, 


Hence 


(3) 


temperature of resistance R, is a function of currents | and I .: 


To compensate for variations in ambient temperature, asimilar type of 
resistance without aheater circuit is connected in the armofthe bridge 
AR The resistance f, therefore generally depends on the current / 


| 
{ 
s 
60 
R j R )> R R. ) 
= 
(RR, 
Rin ERY) + (REE RD 
4 Let 
a 
a 
? 
= 
i 
| 
| 


An electrical current stabilizer 


R,=/ (I). 


We have to determine how the current Se varies when the amplification 
factor of the amplifier changes, 


Differentiating expression 3, we find 


dk 
db da \ 
k/Rin (a dl b di di, 
s 


za’ dk 


Hence, taking into account the facts that the bridge is practically in 
the equilibrium state during operation (1. e. Ry R, Ry and that 4 


6 
is very smal] and, consequently, R, >< (Rin + R, + Ry), we get, 


after a number of transformations, 
dk 


df (/,; 1) 


The expression BIRR, a di is the amplification factor of the 
za 


system XK. 


Pig. 1. Pundamental circuit of the stabilizer. 


dl, ] dk 
= T° (4) 


Likewise, we find that if the impedance : varies, the change in the 
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stabilized current amounts to 


Taking 2 into account, we have 


di, (Re + Ry) Xe 
(Rat, +Rh) (Ra +R) Ry 


+ Rs) 


Thus the error of the stabilizer due to variations in the amplifica- 
tion factor of the amplifier and load impedance is inversely proportion- 
al to the amplification factor of the system, 


Fig. 2 shows the variation in amplifier output voltage with signal 
voltage U, without drift (1) and with it (2). 


If drift occurs and the voltage of the signal is constant (direct), a 
change will occur in the output voltage of the amplifier. Since the 
amplification factor of the amplifier is the ratio of the output voltage 
of amplifier to the voltage of the signal, the increment in the amplifi- 
cation factor due to “drift’’ amounts to: 


U, 


where Uy is the ‘drift’’ voltage. 
Consequently, according to expression 4, we have 
1 U, 
~ 14K 
Expression 6 can assume the form 


Al, kU, 
+ K)/,2 


Hence it follows that the instability due to the “drift” of the 
amplifier is independent of the amplification factor of the amplifier. 
It can be reduced by using thermistors if the slope of the characteris- 
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tic is thereby increased and if there is an increase in current J, the 
output impedance of the amplifier and the resistance R,,. 


out 


Fig. 2. The effect of ‘‘drift’’ om the 
characteristic of the amplifier. 


Let us consider how the current - varies with a change in current I. 


Differentiating equation 3 and taking it into account that 


(R R R) and PR (R in .R R.), we get 


= R, : R. |) 
s | ai 


In certain types of thermistor, the dependence of the resistance on 
the combined effect of currents I, and J equals 


j 


‘s 


It follows that the amplifier amplification factor in the expressions 
right can under definite conditions be considerably less than one, A 
variation in current J wil] then have rather less effect on the magni- 
tude of the current 7. than variations in the load and the amplification 
factor of the amplifier. 


Fig.3 shows the fundamental circuit of a d.c, stabilizer with a metal- 
lic thermistor and a magnetic amplifier. The thermistor used in the 
stabilizer is a platinum spiral, wound on a ‘‘nichrome’’ heater which is 

1closed in a glass insulating tube, The thermistors are mounted on 
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the base of radio valves and placed in pairs in brass cylinders for 
protection from mechanical damage, 


Circuit of the direct current and 


stabilizer. 


voltage 


The time constants of the thermistors are between 0,1 and 0.6 sec 


depending on their size, 


The maximum working temperature of the thermistors is between 400 and 
450°C since the glass insulating tube melts at temperatures over 550°C, 


The relative variation in the characteristics of the thernistors 
R= f(1,; 1) does not exceed + 0,2 per cent after 4000 hr continuous 


use at about 250°C, 


From test results, the dependence of the resistance R of the spiral 
on the combined effects of currents Ss and I can be expressed by the 


following formula 


where Ry is the initial resistance of the spiral, 


Equation 9 holds for temperature rise of the spiral from 20 to 250°C, 
At higher temperatures the non-linearity indices @ and B (equal respec- 
tively to 1.7 and 2) and the constants ec and cy will vary, but the form 


of the equation is unaltered, 


If use is made of metallic thermistors in the system shown in Fig.3, 


the change in resistance Ra, if current I, changes, and the total ampli- 
fication factor are respectively equal] to 
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Considering that the components of current 7 in resistances R and Ry, 
are respectively 


and that 


equation 8 can be re-written in the forn 


The amplification factor of a magnetic amplifier is independent of 
“drift” and the amplification factors of the stages, In the main it 
only varies when the supply voltage varies 


where A is a constant and U, the supy ly voltage. 


Since | = Ves the relative change in - as a function of a change in 
the supply voltage, with expression 4 taken into account, amounts to 
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If the resistances in the arms of the bridge are such that R, 
then with an optimum value of current J equal to . 


’ af azl, (Re (1 + A) 
2s Rin (R. R;) 


the current I, is practically independent of the current J] and the 
stabilization coefficient is theoretically equal to infinity. 


The expression 10, when considered with equation 11, is transformed 
into the following equation: 


) | 1U (12) 


ls 1 +- A s 


It follows from formula 12 that the current I, always decreases if any 
deviation of current J from its optimum value occurs, It should be 
mentioned that a similar phenomenon occurs in simple bridge stabilizers 


with a non-linear element. 


To increase the stability of the amplifier’s amplification factor, the 
amplifier is provided with an externa] negative feedback (Fig.3). The 
capacitor Cy, which shunts the feedback resistance R,,, serves to 
eliminate auto-oscil lations, 


The temperature of the thermistor under working conditions is approxi- 
mately 120 to 160°C. This ensures that the parameters of the thermistor 
are highly stable. The amplification factor of the system is about 40. 


In view of the reduction in the temperature coefficient as the tem- 
perature of the thermistor increases, 4a additional resistance &,, is 
connected in series with the compensation resistance Ry in order to 
compensate the temperature error, (Fig.3). To satisfy the inequality 
Ro > Rg, the sum of the resistances R, + Rad should be slightly 
greater than the resistance R, during the operation of the stabilizer. 


The appropriate choice of additional resistance Rog can completely 
compensate the temperature error of the stabilizer. But, in practice, 
this resistance only serves to produce a rough compensation of the 
error. A greater reduction can be achieved by the use of copper wire as 
a smal] fraction of the resistance A, and Ry. The advantage of this 
latter method is that the resistances of all the arms of the bridge 
remain constant. 


The stabilized current Be can be regulated by shunting the heater by a 
variable resistance. The stabilized voltage Use Cm be varied by the 
variable resistance Re. 
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As an illustration of the properties of the stabilizer, the fol lowing 
table shows the variation in voltage ! 
at various ambient temperatures, 


st for a load impedance Re = 220 


TABLE 1 


Voitage 


Voltage Vers ct 


0 


1960 


It will be seen from the Table that the stabilizer’s coefficient of 
stabilization is roughly 100 for variations in the supply voltage of 
+ 10 per cent. The average temperature error is 0.07 per cent for a 
change in temperature. With increasing temperature, the zone of stabi- 
lization is shifted towards higher voltages, since the resistances in 
the arms of the bridge increase and a slight change occurs in the pare- 
meters of the magnetic amplifier. Hence, according to expression {1 1}, 
the optimum value of the current J varies, 


If a sudden and large change occurs in the supply voltage, there is @ 
sudden and large change in the load voltage, but this change rapidly 
decays along a practically exponential curve, The maximum rel ative 
change in the load voltage is about 70 per cent of the relative change 
in the supply voltace. The load voltage returns to its original value 
after 0.1 sec, having first completed one or two oscillations about the 
equilibrium position. 


A real merit of the stabilizer under consideration is the highly 
stable nature of the indications,. Even after a considerable idle 
period, it will reproduce previous. stabilized current or voltage values 
with a high degree of accuracy. 


As show by test results, the stabilized voltage varies by less than 
0.2 per cent from the original value after the stabilizer has wrked 
for six months, The accuracy of measurement is of the same order, 


The main advantages of the stabilizer are the absence of electronic 
valves and moving parts, the considerable stabilization coefficient and 


the negligible temperature error. 
Trenslated by O.M. Blunn 
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amb = » amb 50°C 
100 | 1,976 1,969 | 1,964 ; 
110 1, 980 1,978 1,977 7 
120 | 1,980 1, 980 1,980 n 
130 1,980 1, 980 1,980 
138 1,976 1,978 1,979 
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CONDITIONS FOR THE SYMMETRICAL PERFORMANCE 
OF A CAPACITOR MOTOR* 


G.G. REKUS 
(Moscow Higher Technical College) 


(Received 23 February 1960) 


To ensure the necessary starting properties of a capacitor motor with 
squirrel cage rotor, especially when the supply voltage is subject to 
considerable variations, use must be made of special circuits which 
require complex starting equipment [1]. 


Unlike other known schemes, that considered in this article with a 
capacitance shunted by a resistance (Fig. 1) is simple and requires no 
complicated starting apparatus (the shunting resistance can be discon- 
nected simultaneously with the starting capacitance by the same contac- 
tor). This system makes it possible in a number of cases to reduce the 
size of the additional starting capacitance of the motor. 


Experimental investigations show that under favourable conditions the 
use of this system can reduce the starting capacitance by a factor of 2 
to 3, or alternatively increase the starting torque by 1.5 to 25 [2]. 
It is also possible to use this system not only for two phase capacitor 
motors but also for three phase asynchronous (induction) motors connec~ 


ted as in the capacitor motor system, 


But, as shown by experiments, preference must be given to the two 
phase motors with equal phase zones of the stator winding (equal to or 
approximately 90°) which possess the best starting properties [2]. The 
phenomena occurring when the capacitor motor is operating on this 
system (Fig. 1) can be understood by studying the circle diagram shown 
in Pig. 2. 


The line OK at an angle of B-« arc tan & to the axis of the abscissa 
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(where k& «= "a is the transformation ratio of the motor’s stator 

winding) is equal to the ratio of the effective turns of the main phase 
to the effective turns of the capacitor phase, 


If the capacitor motor is only operating with a capac it ance C(r,, * 
= oO), the position of the tip of the vector jKY’,. U = AC on the circle 
diagram is determined by the value of motors transformation ratio ke. 

C should be on the straight line OK. This is the locus of the tips of 

the vectors jkY’,. U, where Y’,. = ——~——— and x, the reactance of the 
k2 

capacitor, 

In the case of the capacitor motor under consideration (Fig.2), at a 
given k there are only two points on the circle diagram corresponding 
to slips s’ and s” at which strictly symmetrical motor operating con- 
ditions are possible for a definite value of the capacitance, 


J 


Fig. 1 


On starting (s = 1), the operating conditions of the motor whose 


circle diagram is shown in Fig.2 cannot possibly be symmetrical for 
If, however, for the same value of the capacitance 


any 
capacitance value. 
C, a resistance r,, is connected in paralle] to the capacitor, then as a 
result of constructions performed in accordance with Nekrasov’ s propo- 
sals [2], it can be established that the tip of the vector jkY’,. U (AC) 
is shifted to the right of the line OK (point C’) and occupies the 
position of the vector AC’ = jkY’,., U, the modulus of the vector here 


remaining unchanged. The deflexion of the vector will be the greater, 
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the smaller the value of the resistance, The shift of the tip of vec- 
tor jkY’. U to the right denotes its approximation in this case to the 
point tos i.e. the operating conditions of the motor 
on starting are more symmetrical] and, consequently, the starting torque 
is greater, 


Like systems which ensure the symmetrical performance of capacitor 
motors under any load solely by the use of reactances [3], this system 
also makes it possible under definite conditions to obtain symmetrical 
performance over the whole range of slip, 


Thus, for the given value of k = const, it is possible to obtain a 
strictly symmetrical performance from a capacitor motor at any point on 
the circle diagram, provided that it lies to the right of OK, A 
strictly symmetrica] performance at a given value of slip implies that 
there are definite unique values of capacitance and shunting resistance, 


It follows from the analysis of the circle diagram in Fig. 2 that a 
strictly symmetrical performance of the capacitor motor on starting is 
only possible when the capacitance 1s shunted by a resistance if 


arc tank 


r 
where ¢, = arc cos iJ is the angle defined by the short circuit power 
7k coefficient of the appropriate two-phase 
symmetrical] motor, whilst 


rh and 2, are the short circuit resistance and total 
impedance in the main phase of the motor, 


The performance can only be symmet rical over the whole range of slip 
if 


n 
arctank > -;- — Pmas 


where Pieied is the angle defined by the maximum value of the power 
factor of the corresponding two phase symmetrical motor, 


Besides establishing criteria for the expediency of using a capacitor 
motor with a circuit having a shunted capacitance, it is important to 
determine the values of the circuit parameters (C and r.,) necessary to 
obtain symmetrical performance from the motor at the given value of k 
and slip. In the majority of cases the choice ol the circuit parameters 
merely involves the examination ol! the most important operating con- 
ditions of the capacitor motor, namely, the starting conditions (s = 1) 
and the working load conditions (s = s4,). 
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However, symmetrical operating conditions may also be necessary over 
the entire range of slip or over only part of this range. This can be 
achieved by the appropriate adjustment of the parameters C and r oh* 
Although such adjustment is complicated in practice, it is practicable 
in individual cases by using special circuits. We shall therefore con- 
Sider the method of selecting the parameters of the circuit as regards 
the general case, 


It is known that the condition for the symmetrical performance of a 
capacitor motor is fulfilled if the vector ¢ on the circle diagram 
(Fig. 2) and, consequently, the negative sequence current is zerm, 


In this case the following equation [2] holds for the negative sequence 
current as regards the system in question 


ye 
20,4 


Substituting the appropriate resistances for the conductances in 
equation 1, we obtain, after simple conversions: 


(1+ + ZZ 
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is the impedance of the capacitor referred to the 
turns of the main phase; 

is the shunting resistance referred to the turns of 
the main phase, and 

is the total positive sequence impedance for the slip 
in question obtained by an exact or equivalent net- 
work for the positive sequence of the phases of a two 


phase symmetrical motor, 


Substituting the values of the total and applied ‘‘resistances” into 


2, we obtain 


kr x.) j (— }- 


(7 ton RX XX, 
AX X.)== 0. 


Equating the real and imaginary parts of 3 to zero, we have 1960 


it is easy for the parameters 


Using equation 4 and since i = 
2 wfc 


of the circuit for the symmetrical operating condition of the motor to 


be fulfilled at any value of slip: 


In the case of fully symmetrical] motors with equal numbers of effec- 


tive turns in the stator phases, formulae 5 and 6 simplify to: 


There is another method of determining the parameters (C and rh) 
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the system necessary for ensuring the symmetrical performance of the 
capacitor motor, Let us now consider this geometrical method, 


The symmetry condition postulates the equality of the vector of the 
positive sequence current (I.) and the sum of the vectors OA, and Aye 
(Fig.3). The angle between the vectors OA, and A, should always be 


,and that between OA, and OC = - (for the symmetry condition) should 
be B= arc tan k; the modulus of the vector ’ is always ek times 


greater than the modulus of the vector OA, Bearing in mind that 


the angle < OAC, equal to - rests on the corresponding current 


vector I, under symmetrical motor operating conditions, then to deter- 
mine the parameters C and rp, at the given slip by the geometrical 

method, it is necessary to plot a circle with a centre 0, and then to 
draw a straight line from the origin at an angle B = arc tan k to the 
current vector J, until it intersects the newly plotted circle (point 


Fig. 3. 


If a perpendicular is now erected from point A, to the axis of the 
abscissa until] it intersects it at point A, we then obtain the vectors 
0A = Ye and U AA, = Y) U. After measuring these on the current scale 


and dividing them by U, we obtain the conductances Y, and Yo referred 


k2x C 


to the voltage of the main phase, Since Y, =——~—— and i, = 
ker 
sh 


we can determine those values of C and r ch which ensure the symmetrical 
performance of the motor for the given slip. 
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Symmetrical performance of a capacitor motor 


For the sake 


This is illustrated by an example in Fig.3 for s # 1. 
of clarity, the circle diagram is plotted with an increased no load 


motor current, 


1960 


Fig. 4 shows curves plotted by the proposed method which illustrate 


the variation of the capacitance and shunting resistance necessary to 
from a two-phase 


obtain symmetrical performance ADSi2-2 type motor with 
@ transformation ratio of &« = 3 over the range from se1tos = 0 at 


380 


It should be mentioned that the use of a shunting resistance can lead 


to a reduction in efficiency if 
periods owing to the inevitable power 


the motor is in operation for long 
losses in the shunting resistance, 


However, this circumstance may not play the decisive role in a number of 


cases, 
Translated by O.M. Blunn 
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STEP MOTORS*® 
B.A. IVOBOTENKO 
(Moscow Power Institute) 


(Received 18 March 1960) 


Step motors (electrical pulse motors) serve to convert electrical] 
pulses into discrete angular or linear motions (“steps’’). Step motors 
are now widely used in programme control systems for electrical drives, 
By converting digita] information in the form of electrical] pulses into 
@ corresponding motion, i.e, performing the function of an output de- 
coding link, step motors make it possible to design automatic control 
systems of the successively discrete type which have no need of feed- 
back since the motion is made to correspond unambiguously to the digit. 


The following types of step motor are in existence (a), indicator 
(servo-step) motors and power motors; (b), reversing and non-reversing 
motors; (c), motors with a rigid mechanical] or flexible electromagnetic 
shaft coupling; (d), d.c. and ac. motors®®; (e), motors with dis- 
connexion of the control winding or with polarity reversal of the 
control winding (on arrival of the controlling pulse); (f), motors 
with a react ‘e or active rotor and (h), single-or multistator motors 
of the cylindrical or ‘‘face’’ designs, 


Other distinctive characteristics of step motors are the size of the 


step, the number of separately switchable contro] windings, the method 
of damping the free oscillations of the rotor which arise when the 


Elektrichestvo, No.8, 54-61, 1960. 

In the following we consider step motors supplied from a d.c. source, By 
taking the appropriate measures to compensate the variable component of the 
Synchronizing moment, we can feed the control winding of the step motor 
with a.c. Here the mains frequency is the carrier and the frequency at 
which the controlling pulses follow is the modulator. 
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step is produced and so on, 


Review of existing step motor systems 


appeared in the last century and is still widely used is a combination 


of a magnet with a ratchet and reduction gear, This type of step motor 


motors with rigid shaft coupling. The first step motor which 


cannot be reversed, The reversing step motor has two magnets and two 
ratchets. The steps are produced by connecting the magnet winding to @ 
direct voltage source, The ratchet retaining device ensures that the 
shaft is stopped exactly after the step has been made, Thanks to the 
rigid shaft coupling, the step motor does not itself produce errors in 
the system, but the presence of a cam, ‘‘anchor’’ or ratchet device com- 
plicates the design, reduces its reliability and imposes limitations on 
the rate at which pulses can be passed, Step motors of this type 
operate reliably with pulses up to 50 c/s, They develop a torque on the 
output shaft of the order of s« veral hundred gram-centimetres, They are 
used in “counters’’, step selectors and various indicator devices, 


One of the modern designs (1) has been produced for aero-navigation 
instruments, The axle of the step motor 15 turned in steps of a= 36° 
from a solenoid drive, Location is by means of a perforated divider 
disk, cam and dog. In the reversing design two solenoids are used, 


Step motors with unequal numbers of stator and rotor poles. Step 
motors with an electromagnetic clutch include the broad class of motors 
with unequal but approximately the same numbers of salient poles on the 
stator and rotor, These enable a considerable number of steps to be 
made per revolution with a comparat ively small number of poles, i.e. 
these motors use the principle of electro-mechanical reduction, 


In the case of SCh type step motors [2] there are 6 stator poles and 
= 1 


4 rotor poles, There are 24 steps of a 5° per rev. 


Only some of the concentrated control windings on the stator are 
connected to a direct voltage source at any time. The step is produced 
by the excitation o! another combination of windings and stator poles 
(the previously connected windings being disconnected), Static syn- 
chronizing moments on the shaft do not exceed several thousand g. cm, 
The dynamic torque of step motors falls very sharply with the frequency 
of the pulses (with a fixed supply source voltage). The pulse rate 
(without forcing may be at a frequency of f = 70 to 100 c/s, 


Step motors with distributed stator windings. Use may be made of a 
s\nehronous reactive motor (for example, an ST type motor or a three 
phase selsyn) aS 4 step motor, liere the phase windings are star- 
connected without bringing out the neutral point, At each instant two 
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of the phases in parallel] and in series with the third phase are connec- 
ted to a direct voltage source, The steps are produced by successive 
polarity reversal of the windings. Each reversal corresponds to the 
revolution in space of the vector of the resulting mmf. through 60 el 
deg. ST-type step motors develop a static synchronizing torque up to 
several] thousand g.cm, Their dynamic properties and value in use are 
considerably higher than those of salient pole step motors, but the 
large step, the distorting influence of tooth harmonics (reducing the 
exactness with which the step is produced) and the low specific syn- 
chronizing torque due to the distributed field in the air gap often 
detract from their stated merits. 


Power step motors. The development of programme-controlled machines 
has led to a demand for power step motors which will develop a torque 
of up to 1 kg.m or more on the shaft. The way in which power step 
motors are being developed is by combining servo-type step motors with 
torsion amplifiers. Another way is to create power step motors proper, 


The “Machine Institute of the Academy of Sciences U.SS2. and the 
Scientific Research Institute POLYGRAFWASH in 1950 jointly produced a 
step motor with a mechanical torsion amplifier [3]. The power source in 
this gear was a built-in induction motor from which rotation was trans- 
mitted to half-sleeves freely mounted on the shaft, The steps were 
produced by a brake device with an electromagnetic drive, The direction 
of the steps was determined by the connexion of one of the half-sleeves, 
Further research is continuing in the Machine Institute of the Academy 
of Sciences U.S.S.R. on the improvement of step motors with mechanical 
torsion amplifiers, 


A system has been developed in FNIMS which uses a servo-type step 
motor with a hydraulic torsion amplifier thereby ensuring an output 
torque of M= 5 kg. m, A description has been given elsewhere [4] of 
two modified three-stator step motors, i.e, with an external] rotor and 
with an intermediate hollow rotor, Without dwelling on the operating 
principle of three-stator step motors which wil] be elucidated below, 
let us confine ourselves here to the basic data of the ShDE-01 type 
step motors made at ENIMS, 


Depending on the system of control (based on semiconductor triodes), 
this type of step motor has steps of a= 1.5°/0.75°, 3°/1.5° and 6°/3°. 
The maximum static synchfonizing torque of the ShDE-01 (1.5°/0.75°) type 
motor is Maoy = 30 kg. cm; the torque on the production of single 
pulses is M r=0 17.5 ke. cm, The motor will start with an instantaneous 
increase in the pulse rate (pick-up frequency) of fp = 200 c/s with a 


load torque of M,=6 kg. cm (with forcing r = Trg = 5.5). 


ext 


Multi-stator step motors. A three-stator step motor [5,6] was pro- 
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duced in the U.S.A. in 1952. This was a modified version of the step 
motor proposed by the Russian engineer S.A. Nozdrevskii in 1925. The 
step motor consists of three indentical stators and three rotors, The 
control windings are laid in open slots in each stator. The number of 


control poles is usually the same as the number of teeth on the stator 
and rotor, which can either be active or reactive. The rotor ‘‘packets’’ 
are offset 1/3 tooth pitch relative to one another, whereas the axes of 
the stator teeth coincide. When voltage pulses are fed to the stator 
control windings in a certain cycle (1 - 2- 3-1), the rotor is turned 
producing a step equal to 1/3 tooth pitch for each pulse, Reversing is 
effected by changing the sequence in which the pulses are fed (1 - 3 - 

- 2-1). Stopping is brought about by a long passage of current 


through the winding of one of the stators, The contro] system for the 
three-stator step motor shown in Fig.1 is quite simple, 


E 
E 


ce 


Fig. 1. Basic circuit of a three phase trigger: 
1 - 3 — control windings of a three-stator step 
motor. 


The Industrial Contro]s Corporation has produced a trial] batch of 
three-stator power step motors [7]. The largest motor in this series 
has a maximum static torque of 34.5 kg. m. The greatest pulse rate 

at which the step motor in this series can be started without loss of 
step (pick-up) varies between 70 and 100 c/s, 


The dimensions and moment of inertia of a three-stator step motor can 
be reduced one third by changing over to the two-stator design [8] 
shown in Fig.2(a). The packets of the two rotors are shifted a half of 
a tooth division relative to one another, A two-stator rotor can only 
work if a “‘ratchet” type of sleeve is fitted which ensures free rota- 
tion in one direction but which wedges the shaft during movement in the 
opposite direction, 
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Fig.2(b) shows a reversing two-position ‘‘ratchet’’ retainer, which in 
its simplest form consists of a pulley, a band with two rollers and a 
wedging shoe with an oblique-angled slot milled in it. The steps are 
produced by the successive energization of the stator contro] winding. 
The two-positior retainer is thrown over into another position to obtain 
reverse, 


The Electrica] Engineering Institute of the Academy of Sciences 
U.S.SR. (BE ELI.), the Moscow Power Institute (M.P.I) and the All-Union 
Scientific Research Institute METMASH have jointly developed and in 
conjunction with a number of other project organizations constructed 
various types of three-stator power step motors, 


The E.E.1I. motor [9] has the following characteristics; number of 
steps per rev i = 108; a four-pole control winding is arranged on each 
stator in 36 slots; the maximum static moment is 1 kg. m pick-up 
with sevenfold forcing fy = 150 c/s; the pulse pass band is up to 350 


le 
C/ 8. 


The ™.P.I. and METMASH step motors (Fig.3) make 72 steps per rev; a 
single-layer 24-pole control winding is arranged on each stator in 24 
slots; the maximum static moment is 1.5 kg. m In order to reduce the 
moment of inertia, the rotor is made hollow; pick-up with 1% times 
forcing f, = 110 c/s; the pulse pass band is up to 550 c/s, 


Fig. 2. General view of a two-stator step motor 
with a ratchet retainer (a) and of a two-position 
reversing retainer (b). 


To eliminate labour consuming operations involved in packing the 
multi-pole control winding in the stator slots and to reduce the mag- 

netic leakage, METMASH has developed a type of three-stator step motor 
with a toroidal] contro] winding on each stator (Fig.4). The magnetic 

circuit of the stators comprises radially-oriented 7m -shaped packets 

of sheet steel which are secured by non-magnetic separators, The 
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design of the windings is simple and yet a considerable increase in 
their time constants has been achieved, 


Basic operating conditions and the 
requirements step motors have to satisfy 


The basic quantities which fully characterize step motors are: 
360° 


l. The step in degrees @ or the number of steps per rev i = 


The maximum static synchronizing moment Maax’ 


du 
The specific synchronizing moment , where @ is the mis-match 
of the longtitudinal axes of the stator and rotor in geometric degrees, 


v 
4. The multiple of the starting moment st 


“nex 1960 
5. The static quality factor, defined as the ratio of the maximum 


static moment to the weight of the step motor. ye ———— 
6. The electromagnetic time constant of the contro] winding T. 


7. The dynamic quality factor, defined as the ratio of the maximum 


“max 
j 
8, Pick-up .e » greatest frequency ol pulse rate f at which the 


static moment to the movent of inertia of the rotor Dy = 


step motor can be suddenly started or stopped without loss of Ste) 
depends on the dynamic quality factor of the step motor, 


9. The pulse pass band, Its upper limit corresponds to the pulse 
rate f, at which the average dynamic moment on the shaft of the step 
motor, without forcing the pulses, falls practically to zerm (it depends 
on the electromagnetic time constant of the contro] winding). 


The dynamic quality factor and electromagnetic time constant, pick-up 
and pulse pass band define the dynamic properties of step motors (their 
operating speed). 


10. The interna] damping C, by which is meant the size of the cef- 
ficient for the time derivative of the angle in the rotor control 
winding in the production of a step, is caused by the internal proper- 
ties of the step motor itself, and not by the properties of the load or 
starting device. 


11. Efficiency. This is a function of the pulse rate. The efficien- 
cies of two step motors can be compared when the electromagnetic time 
constants of their contro] windings are “‘equated’’ by means of addition- 
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al resistances taken into account. 


We can call] the following items ‘“‘characteristic states”. Altogether 
these constitute the performance of the motor when control pulses 
governed by any arbitrary law are supplied: 


l, fixed stopping under current. 


2. The production of single pulses, Depending on the nature of the 
load, the design of the damping device and the magnitude of the internal 
jamping, the damping of the free oscillations of the rotor occupies an 
interva] of time which considerably exceeds the time taken to produce 
the step, or the production of the step is aperiodic, 


3. Starting, stopping and reversing. The step motor can perform the 
listed commands in the range of frequencies up to the pick-up frequency. 
Given identica] externa] conditions, the starting frequency is a] ways 
slightly lower than the stopping frequency of the step motor, In the 
process of starting with the pick-up frequency, the step motor, in 


overcoming the inert masses, produces an incomplete step after each 


during the first few pulses, but it remains within the limits of 
zone of stability after each subsequent pulse, The wider the zone 


stability (relative to the amount of step), the higher is the fre 
quency with which the motor is started without loss of step (and only 
with time delay of the rotor in the process of acceleration). 


The quasi- stationary stepping state with a pulse rate up ts 


frequency. Depending on the dynamic properties of the 
motor, the nature of the load and the pulse rate, the production ¢ the 
step may bear an oscillatory or aperiodic character, The free oscil- 
lations of the rotor are expressed most significantly at low frequen- 
cies of the pulse rate and at the resonance frequency of the drive in 
question, In this case the ratchet retainer really improves the per- 

rmance of the step motor or is sometimes necessary for normal per- 


formance, 

5. The state of synchronous rotation corresponding to a pulse rate 
higher than the pick-up frequency. Step motors need a change of state, 
cannot be stopped suddenly and cease to be ‘‘stepping’’ motors in the 
true sense of the word, 


Let us state certain general requirements which modern step motors 
must satisfy: 


1. Maximum operating speed. 


2. The production of steps of the order of several degrees of frac- 
tions of a degree. 
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3. The simultaneous use of al] the active materials of the machine in 
the creation of the synchronizing moment on the shaft. 


4. The possibility of internally damping the free oscillations of the 
rotor in the process of producing the step. 


5. Sufficiently wide range of stability with regard to step size. 


6. The minimum angular error in the performance of the system due to 
the step motor, i.e. a considerable specific synchronizing moment is 


required, 


7. No accumulation of errors should occur when the number of steps is 
increased, 


8. The minimum number of contro] windings which can be separately 
switched, 


9. Reliable operation, 


Comparative characteristics of various 
step motor systems 


The step motors considered above satisfy the enumerated requirements 
to varying extents, 


Step motors with a rigid shaft coupling do not themselves bring errors 


into the performance of the system, but they have the slowest perfor- 
mance, The theoretical maximum efficiency cannot be more than 50 per 
cent since the energy of the magnetic field accumulated in the contro] 


winding circuit when the step is produced is dissipated in the form of 
heat in the switching device and has to be accumulated again when the 
next pulse is fed. 


The same shortcoming is inherent in salient-pole motors with different 
numbers of stator and rotor poles and in multi-stator step motors, The 
production of a sma]] step in these mcahines leaves some of the active 
materials unused, Hence greater weight, dimensions and moment of 
inertia of the rotor. Consequently, pick-up is inadequate, 


The excitation and quenching of the field in the air gap cyclically 
with the pulse rate bring about considerable pulsations in torque on 
the shaft of the step motor, If there is no ‘overlapping’’ in the 
periods of successive excitation of the control windings, the instan- 
taneous values of the synchronizing moment pass through zero, This is 
instrumental] in causing vibration in the production of the step and 
renders it difficult to operate on active load. It is impossible to 
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fit a damping ‘‘cage’’ on the rotor since the contours of the damping 
cage slow down the increase in flux or current and create a negative 
asyn.|,ronous moment in the process of producing the step, The magnetic 
circuits of both rotor and stator should be laminated for the same 
reasons, The oscillations of the rotor are damped either by the moment 
of friction of the load or by the ratchet retainer. 


The possibility of producing a very small step, the considerable 
Specific synchronizing moment and the comparative simplicity of the 

contro] system are the main merits of step motors with salient poles on 
the stator and rotor. 


Step motors with distributed windings on the stator are characterized 
by considerably greater operating speed, usage of the active materials, 
effeciency, uniformity of the synchronizing moment and there is greater 
scope for damping the free oscillations of the rotor, They cannot 

however produce a sufficiently smal] step; they possess a low specific 
synchronizing moment, cannot ensure the same degree of accuracy in the 
production of the step and require more complicated systems of control, 


Let us consider the Stovbunenko step motor with its intermediate 
swinging (pendulum) rotor, 


In the excitation of a two-pole stator the intermediate rotor com- 
pletes oscillations and during forward operation engages the internal 
rotor which is connected direct to the output shaft. From the point of 
view of the requirements which step motors have to satisfy, this is not 
a successful design and possesses the following real disadvantages: 

(a) the useful forward movement of the shaft corresponds to the double 
(forward and back) movement of the intermediate rotor, i.e, other 
things being equal, twice as much time is taken to produce a step; 

(b) the intermediate rotor brings about a large (considerably larger 
than in the interna] rotor) parasitic moment of inertia which sharply 
reduces the dynamic quality factor of the step motor; (c) an electro- 
magnetic or mechanica] retainer is required to hold the internal rotor 


during the pause between two pulses, 


Regardless of the type of design, servo step motors possess a con- 
siderably better dynamic quality factor than do power step motors, This 
is explained by the fact that the moment of inertia of the rotor in- 
creases in proportion to the fourth power of the motor’s diameter, 
whilst the synchronizing moment only increases in proportion to the 


third power, 


With an increase in the number of poles, given the same dimensions of 
the step motor, there is a sinultaneous reduction in the synchroni: ing 
moment and the electromagnetic time constant of the contro] windings, 


Step motors 


but magnetic leakage increases, 


Step motors with an active rotor have a zone of stability which is 
twice that of step motors with a reactive rotor. 


Reversing step motors require a larger number of control windings and 
more complicated contro] systems than do non-reversing step motors. 


New step motor systems 


Research has been going on in the electro-mechanical] problem labora- 
tory of the Moscow Power Institute into the design of step motors com- 
bining the satisfactory features of salient pole step motors and step 
motors with distributed stator windings, The possibility is opening up 
for step motors with tvo, three or several] control windings which in 
their entirety on the stator form a two-phase, three-phase or a-phase 
winding respectively with a number of slots per pole and phase of q = l. 1960 
All the control windings are simultaneously connected to a direct vol- 
tage source and participate in the creation of the synchronizing moment. 
The control windings are transformer - onnected between themselves and 
with the damping cage which must be provided on the rotor, The rotor 
can be either reactive or active (with an excitation winding, magnetiza- 
tion on the stator side, permanent magnets or hysteresis ‘“‘sleeve’’ ), 
There should be the same number of rotor poles as there are stator teeth 
divided by the number of contro] windings. 


Pig. 5. Three phase step motor witha step equalto one stater tooth pitch. 
a - control windings; b - schematic representation of stator; 
c - curves for the resulting m.m.f. displaced on step. 
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All the control windings jointly create the resulting mmf. in the 
air gap. When the controlling pulse is applied the polarity of one of 
the winding connexions is reversed, (the resulting mmf. and rotor are 
then displaced by one tooth pitch of the stator in the clockwise or 
anti-clockwise direction as a function of the sequence in which and two 
control windings respectively, the orientation of the rotor poles and 
the steady state diagram of the mmf, in the air gap, 


The controlling pulses create no additional flux in the air gap. The 
field only deformed and shifted one step, As a result, (a) the electro- 
magnetic time constants of the contro] windings are strictly dependent 
on the size of the step and the number of contro] windings which can be 
separately switched; (b) efficiency increases sharply, the theoretical] 
maximum value of which reaches 100 per cent; (c) a continuous torque 
is ensured on the shaft of the step motor. 


The increase in the number of separately switchable control windings 
complicates the switching system of the step motor, but the zane of 
stability is extended and pick-up is appreciably improved, 


Fig. 6. Two phase step motor with a step equal 
to one stater tooth pitch: 

a — control windings; b — schematic represen- 

tation of rotor; c —- curves for the resulting 

m.m.f. 


The greatest practica] interest is attached to step motors with two 
control windings (Fig.6) and a reactive rotor with a large damping 
cage (stability zone + % a) or an active rotor with permanent magnets 
or hysterisis (stability zone + a) [10]. 


A step of the order of one degree, or a fraction of a degree, may be 
produced with a small number of slots on the stator if teeth are cut 
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in the stator poles of the step motor and the rotor made in multi-pole 
(toothed) form, The step motor is similar in design to an inductor 
generator. The teeth of the rotor are co-axial with the teeth of any 
pair of stator poles and are displaced by a fraction ('/, '/,, '/,) of 
a tooth division relative to the teeth of the remaining stator poles. 
The rotor may be active or reactive; if active, use is made of the 
‘thysteresis’’ material vikal loy. 


The radical improvement in the pick-up of the step motor is achieved 
by a flat rotor in the form of a thin disk 1 to 2 mm thick, the faces of 
this disk carry the control winding circuits (two or three) in printed 
form Due to the large cooling surface and the absence of insulation 
on the conductors, the current density of the windings can be made of 
the order of 30 to 40 A/mm? during prolonged operation and 100 A/mm 
momentarily. This high current density makes it possible to develop a 
high electromagnetic moment when the rotor interacts with the stator 
field, and yet the weight, dimensions and moment of inertia of the rotor 


are negligible. 


A wave-type 36-pole printed rotor contro] wind- 
ing. 


Fig.7 shows the design of these step motors as developed in the 
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electromechanical problem laboratory of the Moscow Power Institute [11). 
The face-type stator consists of two symmetrical halves with radially 
oriented excitation poles in the form of sectors of a circle, The 
stator poles are made from permanent magnets or are provided with a 
single-layer winding along which direct current passes, The pole sys- 
tem of the stator creates a flat-parallel] field in the air gap of the 
machine. The lines of this field are oriented along the axis of the 
step motor shaft, The disk rotor can be mounted on a non-magnetic or 
ferromagnetic base; in the latter case, supports are provided around 
the periphery of the air gap on the stator which protect the rotor from 
“sticking” as a result of unilatera] magnetic stresses of distortion, 
The rotor consists of one or several] layers stuck together. The number 
layers can be equa] to, or a multiple of, the number of contro] wind- 
ings, Wave windings are applied photochemically on both sides of the 
layer (FPig.8). These form a multilayer system similar to the stator 
pole system, Provision is made for a shift equal to the size of the 
step hetween the windings. The beginnings and ends of the windings are 
connected to slip rings. The controlling pulses are fed to these rings 
via brushes. The presence of sliding contacts is a shortcoming in step 
motors with printed contro] windings on the rotor. 


Translated by O.M. Blunn 
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During recent years a number of works have been published dealing 
with extrema] systems of regulation [1-6]. In these systems the value 


of one or several input quantities of the object of 
search is found for which the output quantity of the object, depending 
on the input quantities y (Ty Toe ++++%,) » Will assume its maximum 


or minimum value, If y is a differentiable function, then at the 
extreme point 


fm analysis of the state of the extremal systems at a certain instant 
is not enough to determine the requisite direction of change in that 
parameter , which wil] bring the system into a state that satisfies 
the given conditions, To define this direction, it is necessary to 
measure the changes in x, when they occur in the system, or even to 
introduce them specially (here it is necessary to analyse the changes 
in the value of y due to changes in x). 


This process is called ‘“‘trial’’, Only by comparing the quantities or, 
in the extreme case, just the signs of the increments or decrements in 
=; and y, can we determine the direction of change in x; and then bring 


1 
the system into the state such that equation (1) is satisfied. 


The entire process of automatic searching consists of a series of 


* Elektrichestvo, 8, pp. 61-67, 1960. 
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trials and operational movements, Extermal systems, like other auto- 
matic contro] systems, can be represented in the form of the connexion 
between the object on which the search is made and the controlling part 
which we shall cal] the automatic optimizer, 


Automatic optimizers make it possible to find and maintain auto- 
matically the relationship between the quantities of fuel and air at 
which the greatest amount of heat is generated in the process of com- 
bustion, They make it possible to find the most economic relationship 
between the amount of mazut (‘DERG’’) and gaseous fuel fed to an open- 
hearth furnace fired on mixed fuel. They make it possible to tune 
oscillatory circuits in the large cascades of radio transmitters to the 
frequency of the master generator and so on, 


In the following, a description is given of two automatic electrical 
optimizers developed in the Institute of Automatics and Telemechanics of 
the Academy of Sciences U.S.SR. These optimizers make it possible to 
find the extremal values of functions y for one variable x if one point 
in the given region corresponds to the value dy/dx = 0. 


The automatic relay-type optimizer 


The block diagram of this optimizer is shown in Fig.1. The optimizer 
comprises a differentiating block DR, intended to determine the sign of 
the variation in the value of y to be optimized during a period of time 
T given by the pulse generator Pc. 


When determining the minimum of y, che executive device £D will vary 
input quantity of the object O towards the extreme point if 


yi) (2) 


If the sign in inequality 2 is changed, it is necessary for the input 
quantity x to change in the opposite direction, This operation is per- 
formed by the “‘direction-of-movement unit’? Dw# which gives the command 
**reverse’’ to the executive device, 


The relay optimizer (Fig. 2) consists of a polarized relay Pie three 
non-polarized moving-coil relays P.,, P. and P. and a resistance r. On 


closure of the contact 2P,, the input voltage of the optimizer is fed 
at the input to a cel] consisting of a capacitor C, and the polarized 
relay P,, which are connected in series. In this case the direction of 
the current through the coil of the polarized relay Py at the moment of 
closure of the contact 2P. depends on the sign of the variation in y 
during the interval of time given by the pulse generator Pc. 


If the optimizer has to find the minimum value of the voltage y, then 
the input quantity of the object should vary under the action of the 
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executive device if the changes in y are negative, 


If the changes in y are positive, it is necessary to reverse the 
direction of movement DM. This operation is performed by the contacts 
2? . and SP 4. Relay Py is tuned in such a way that if there is no 
current or, if it is in the negative direction, in its winding, the 
cont act IP,, acting on the relay trigger (Relay Ps and P 4) is in the 
position indicated in the circuit. If the variations in y are positive, 
the contact opens for a smal] interval of time, 


1. Block diagram of automatic relay-type 
opt imizer. 


Fig. 2. Electrical circuit of relay-type optimizer. 


Current passes through one of the windings of relay P, or P 4. The 
position of the contacts shown in the circuit corresponds to the 
passage of current through winding P,. There is no current through 
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winding P, since it is shunted by contacts 1P, and 2P 4: If the contact 
IP; breaks the shunting circuit, relay P, will operate and this switches 
the contacts 1P, and 2P, to a new position in which the winding of 

relay Ps is shunted, The passage of current through the relay winding 
Ps ceases and its contacts are switched. Thus, with positive changes 

in y, contact IP; breaks the circuit shunting one of the windings of 
relays P3 or Py. As a result, the position of the contacts of these 
relays and the direction of motion of the executive device cont rolled 

by the contacts 2P, and 3P4 change. 


Fig. 3. Block diagram of extremal system. 


The periodic connexion of the voltage y by contact 2P, is carried out 
by the puise generator Pc. In order to increase the sensitivity of the 
differentiating block, provision is made to include a two-stage semi- 
conductor triode amplifier. If use is made of a polystyrene capacitor 
as the capacitance C;, the interval of time between measurements of the 
changes can be increased to several hours. 


Let us consider the process of finding the extremal point in a system 
comprising an automatic optimizer AO (Fig.3) and an inert object 0 which 
can be represented in the form of two series-connected parts: a linear 
inert part (LJ) and a non-linear *‘non-inert’’ part (N). 


Suppose that the linear part of the object can be represented in the 
form of a chain of n series-connected inert links with a transfer 
function /(t) and an integrating link. 


Three main types of search process are possible in this system, The 
top of Fig.4 shows the static characteristic of the object. The bottom 
shows the variation in the input quantity of the non-linear part of the 
object over the course of time, The horizontal lines correspond to 
pulses fed to the winding of the optimizer’ s input relay Py (see Fig. 2). 
The space of time between these pulses is T. 


Let the parameter « at the start of the search move at maximum speed 
from x, to x, and pass successively through points 1, 2and3. At 
point 4 the optimizer will not detect changes in the sign of the varia- 
tions since points 3 and 4 refer to identical values of y. It is only 
at point § that the optimizer will detect the incorrect direction of 
movement and by means of relays ?, and 3P (see Pig. 2) change the 
polarity of the voltage at the input to the object, The nature of 
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further movement in the system depends on the relationship between the 
parameters of the inert part of the object and the time intervals T. 


The next measurement of the variation in y can be taken at points 
lying close to (6°) and further than (6) from the extremal point com- 
pared with point 5, In the first case the system will continue move- 
ment in the correct direction to the extremal point and begin to ‘“‘roam” 
about the latter (curve 1). In the second case the variation in the 
output quantity of the object y will be positive in sign. The optimizer 
will change the polarity of the voltage at the input to the object and 
the variation will begin to change in the incorrect direction. The 
optimizer will detect the positive variation and change the polarity of 
the voltage at the input to the object only at point 8 or 8”, 


Further movement of the system is only possible in two directions, If 
during the interval of time between points 7 and 8 the output quantity 

of the “little chain of inert links’ (yz) should fail to reach maximum 
and is sufficiently small, then x will drop from point 8” to point 9”, 

In this case the variation in y will be negative and x will vary in the 
direction of the extremal point (curve 2). Finally, if the value of uz 
at point 8 is large enough, «x will drop from point 8 to point 9, which 
is further removed from the extremal point. The optimizer will change 
the polarity of the voltage at the input to the object and «x will pass 
through points 10, 11, 12 and 13 successively, moving further away from 
the extreme (curve 3). In this case the search process is unstable, 


Let us determine the relationships between the parameters of the 
optimizer and those of the object O corresponding to the cases of sys- 
tem movement that we have considered, 


Fig.5 shows the behaviour of the output quantity of the chain of inert 
links yz on receipt at their input of a command to move in the positive 
direction (section 5-6 or 5 — 6’ in Fig. 4). 


The equation of this curve has the form 


max 21(¢) 1]. 


The area of the shaded section S, in Fig.5 is proportional to the 
distance between x and the extremal point after the sign of the input 
quantity of the object has been changed. The area of the shaded sec- 
tion So is proportional to the change in x on the section 5-6 towards 
the extreme, 


The movement of the system along the curve 1 (see Fig.4) is only 
possible if point 6 is nearer point 5 than to the value of Ze) i.e. if 


(4) 
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When the sign of this inequality is positive, parameter x will be 
moved further from the extreme point (curves 2 and 3). 


1960 


Pig. 4. Various trajectories of the automatic 
search for the extremal point. 


The following equation holds for the boundaries between these two 
types of movement 


-I]}dt=0 


Using equations (5) and (6), we can define the regions of the para- 
meters and the initial states of the automatic search system for a 
given T or the values of T for given regions of parameters or initial 
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states at which the system would ‘“‘roam”’ about the extremal point after 


it has been defined (curve 1). 


ph 


Pig. 5. The behaviour of the output quantity 
from a chain of inert links after the command to 
change the direction of the search. 
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Assume that the inert part consists of one inert link with a time 
constant Tf and an integrating link. After substituting the transfer 
function of the inert link in equation (6) we get T = 1.597. Conse- 
quently, such a system is capable of operating when T >1.59 7r. Like- 
wise for an object whose linear part consists of a delay link with a 
delay time tr, and an integrating link, we get: T> 2 T a4 


The automatic search relay system has been investigated on an el] ec- 
tronic model, Oscillograms of the search process corresponding to the 
three types of trajectory of motion under consideration are shown in 
Fig. 6. 


The interference-resistant proportionality optimizer 


As a rule the determination of the quantity z « dy/dz in extrema) 
systems is connected with great difficulties, Only the sign of : can 
be defined comparatively easily, This is not always acceptable since 
auto-oscillations arise in the system at the extrema] points of the 
functions. The amplitude of the auto-oscillations in inert systems can 
be considerable and the error caused by them impermissible, 


Methods of devising extremal systems have been studied by Draper [2] 
in which, to determine the extremal point, the input signa] contains a 

component of triangular or sinusoida] shape with a constant amplitude 

and frequency in addition to the basic slowly varying component, In the 
majority of cases such a system makes it possible to find the deviation 
of the input quantity from the points at which y assumes extreme values 
and to use it to form the controlling signal, 


max 
Sy 
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But this method of determining the extremal values of functions is 
unacceptable because the system is constantly under the effect of dis- 
turbances, sometimes of considerable magnitude, 
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Pig. 6. Oscillograms of the search process: 

a — search in an inert system; b —- search ina 

system with Tv, = 0.3 sec and T= 0.03 sec; 

c — search in a system with v7,°@ 0.85 sec; y 

is the output quantity of the object of the 

search and the input quantity of the object 
of search. 


The automatic optimizer under consideration below is to a consider- 
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able extent free from the stated shortcoming. 


A memory device #D is installed at the input to the optimizer, This 
determines the difference between the current (contemporaneous) value 
of y and the value of y at the moments of time taken as zero (y,) 
which the memory device MD has stored, 


The difference y-y, 1s fed to the input to the integrating link IL. 
The output quantity of this link is 


If during the process of integration the value of V reaches the 
threshold P, equal to + P as commands are then fed into the memory 
device in order to store the new value of the output quantity y,, into 
the integrating link in order to return it to the original zero state 
and into the unit for forming the controlling signal (UFCS). The latter 
gives an order for the adjustment of the executive device (£D) to one or 
the other side depending on the sign of P. In the event of minimum 
being determined on movement of ED in the correct direction, the val ue 
of V should be negative, Therefore, if V are positive, a command is 
given from the UFCS for the £D to reverse, so that the direction of the 
is opposite to the direction of the previous step. 


last step 


device receives 


In this method of determining minimum, the executive 
orders after intervals of time T which are connected with the output 


quantities of the object by the equation 


which is obtained from 7 by substituting P for V and T for rt. It 
follows from the latter equation that the value of P will reach one of 
the values + P, the more rapidly, the greater tie difference y-y,. Con- 
sequently, on increasing this difference, the intervals of time will be 
reduced between pulses fed to the £D and the speed of the latter will be 
increased, 


If there were no interference in the object O or the optimizer, the 
executive d2vice would then stop at the minimum point if the command 
pulses were of short duration. In fact, the system varies about the 
minimum point; but the period of these variations is large and, con- 
sequently, the additional] disturbances introduced into the system are 
relatively small, 


The electrical circuit of the optimizer is shown in Fig.8. The input 
quantity y is fed to the memory device MD, which consists of two cathode 
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followers (Fy). 


A capacitance C is connected to the first cathode follower. On opera- 
tion of relay Py. this capacitance is connected for short intervals of 
time to a point with zero potential, For the larger part of the period 
T the capacitance is connected to the grid of the second cathode fol- 
lower, The output of this follower in this case receives a voltage 
which is proportional to the difference y,-y. Here y, stands for the 
voltage stored in capacitor C. 


Opt imizer 
= 


Pig. 7. Block diagram of interference-resistant 
proportionality optimizer. 


The voltage is fed from the output of the wD to the integrating link 
which incorporates amplifiers with a large amplification factor (A, or 
A.) operating under deep negative feedback conditions, The striking 
anode of the thyratron with a cold cathode T; is connected at the 
output from the integrating link (JL). 


If the voltage at the output of the JL exceeds the striking voltage of 
the thyratron Ty the latter is ignited, Relay P, operates here, This 
switches the capacitance in the wD, discharges the capacitor of the in- 
tegrating link, feeds a voltage to the coil of relay Ps and breaks the 
the supply circuit of the thyratron Ty: 


When relay P, Operates, a voltage is fed to the executive device FD, 
which in this case is a two phase induction motor, 


The positive voltage at the output of the JL testifies to the in- 
correct direction of the movement of the system If this voltage 
exceeds that of the ignition voltage of the neon tube W in value, the 
latter is ignited, The voltage pulse arising in this case is fed to 
the input to the thyratron triggers To and Ts. Under the action of the 
pulse, the trigger changes state and by means of the two-winding polari- 
zed relay Po switches the motor winding in order to change the direction 
of rotation of the executive device, 


The neon tube W is ignited at a lower voltage than that igniting the 
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thyrat ron T). Therefore, if the voltage at the output of the IL is 
positive, the winding of the motor is first of all switched by contact 
IP... A voltage is then fed to the motor, which in this case rotates in 
the opposite direction. 


In order to reduce the effect of interference on the memorized quan- 
tity without appreciably affecting the time taken for the search, the 
input quantity of the WD is fed from the output of an inert link (rg 
and C3) for storage. 


This type of optimizer can also find the values of x for which the 
derivative dy/dx equals any desired value other than zero, To do this, 
a direct voltage source is connected at the input to the IL. 


This type of optimizer can also find the values of «x for which the 
derivative dy/dx equals any desired value other than zero. To do this, 
a direct voltage source 1s connected at the input to the IL. 


The optimizer has been tested on an electronic model and in a real 
system of automatic wnode-circuit tuning in the power cascade of a 
radio transmitter in resonance with the frequency of the master genera- 


tor. 


The anode circuit was tuned by 4 motor controlled automatic optimizer. 
Since the tuning of the circuit in resonance with the master generator 


corresponds to the minimum value of the constant component of the anode 
current, a drop in voltage proportional to this component was fed to 


the input to the optimizer. 


At the same time as the anode circuit was tumed in resonance, use was 
made of a second motor to regulate the link with the aerial whilst 
keeping the anode current at a definite value, The link was increased 
or decreased by means of a regulator with the aerial. In this case the 
automatic search system and regulation system worked together. This 
made it possible to maintain the minimum value of the anode current 
with a high degree of accuracy, The existance of a considerable 
variable frequency component of 50 c/s in the anode current had prac- 
tically no effect on the search process. 


The combined operation of the regulation and search systems did not 
introduce any appreciable mutual interference, The tuning of the trans- 
mitter lasted for 10 to 20 sec, Tuning time depended on the value of 
the established integration constant and the amount of preliminary 
tuning of the transmitter. The error in maintaining the minimum anode 
current did not exceed 0.5 per cent. After completing the search pro- 
cess, the optimizer ‘‘roamed”’ about the extreme point on account of the 
interference. The ‘‘roaming’’ period depended on the magnitude of the 
integration constant and did not take more than 10 to 25 sec. An 
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optimizer is installed at a radio transmitter which is now in commission, 


Fig.9 shows the process of finding the extremal point in a system 
consisting of an automatic optimizer, and an electronic model] of the 
object of the search. The oscillograms describe the behaviour of the 
parameters x and y over the course of time, The search process in 
Fig.9(a) took place without random noise. The size of the step A « 
is independent of the distance to the extrema] point, whilst the inter- 
vals of time 4+ between steps increase in so far as the system 
approaches the extremal] point. 


Fig.9(b) shows the search process in a similar system but with random 
noise at the output of the object. The values of zs, y and ¢ are on the 
same scale in Fig.9. The optimizer will find the extrema] point even if 
interference is present, although in this case it takes slightly longer 
to complete the search, 
1960 


Pig. 10. General view of the 1A01 - 1 type optimizer. 


A photograph of the 1A0OIl-1 type optimizer is shown in Pig. 10, 


Conclusion 


Experimental investigations into an automatic relay-type optimizer 
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have shown that the performance of the optimizer will be reliable and 
the search process stable if the intervals of time between variations 
in y are chosen correctly by the stated formula, 


The performance of the interference-resistant proportionality 
optimizer has been checked in two extremal systems. The first system 
enabled us to find the minimum value of the anode current in the output 
cascade of a radio transmitter in order to tune its oscillatory circuit 
automatically. The other system was a carriage whose movement was con- 
trolled by an automatic optimizer. The carriage automatically found 
the plane of the region with maximum or minimum values of i]]umination, 
Substantial] interference had no appreciable effect on the search pro- 
cess, The proportionality optimizer is now installed on an existing 
radio transmitter, 


It is proposed that use be made of such optimizers to determine auto- 
matically the best relationship between fuel and air in open-hearth 
furnaces and soaking pits, to determine the best disposition of work- 
pieces in machining processes and to automate certain objects in the 
chemical] industry. 


Translated by O.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.8 1960 


Mathematical modelling of a power system with “‘strong- 
acting’’ field regulation of its generator. B.M. Kagan and 


E.L. Urman, (1-9). 


In view of the scope for computers in the analysis of dynamic and static 

stability of synchronous generators in power transmission systems, an 

investigation has been made to develop a mathematical description and 1960 
methods of simulating transient processes for transmission systems in- 

corporating synchronous generators with high response type excitation 

regulators, The authors also elucidate the extent to which the results 

of mathematical simulation by the proposed method agree with the results 

of experiments in the same system, The high response type regulator is 

illustrated by a diagram, 


A computer distributing real power flow for a given fuel 
consumption. V.M. Sin’kov, V.L. Zasenko, V.P. Kovalenko and 


K.Iu. Fol’ kman, (pp. 9-16). 


After referring to the various computing devices developed in the 
U.S.&R. for power distribution, the authors consider the main criteria 
of economic distribution, An account is given of EKRAN-3 and EKRAN-4 
computing devices, They comprise a device for reviewing the load graphs 
of the power stations, load distribution units at the stations and 

total system and line distribution units, The devices are now in pro- 
duction for the Bashkir, Donbas, Sverdlovsk and Chelyabinsk grid sys- 
tems, 


Accounting for the inter-system effect in designing large 
power transmission systems. Y.V. Bolotov, G.E. Burtseva and 


E.P. Zakharova, (pp. 16-22). 


A description is given of a method of taking into account the savings 
made by combining power systems in the national grid with different 
types of power station and different load conditions. The article 
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discusses the systems existing in Central Siberia and Kazakhstan using 
the abundant open cast coal available there, 


The basis for the development of the consolidated Siberian 
power pool system. V.I. Veits, (pp.'22-28). 


Referring to the priority given in the U.Q SR. to the development of 
electricity and the unique untapped power resources of Siberia in cheap 
open cast coal and its mineral] resources, an account is given of the 
plans for the development of this region and the role the electrical 
industry is to play. Reference is made to plans for power transmission 
from Siberia to the Urals, The Siberian grid system is to be based on 
hydro-electric power stations and conventional fuel fired stations, An 
account is given of the main features of the system, 


Zero sequence circuit diagram for several closely running 


lines. N.G. Geinin, (pp. 20-32). 


When transmission lines are running parallel] with each other a few 
metres apart, the zero sequence impedance of each line depends on the 
currents in the adjacent lines owing to mutual inductance, As this 
should be taken into account for relay protection against earth faults, 
the author proposes certain zero sequence equivalent networks, 


Transforming a quasi-stationary magnetic field to the 
potential field of its sources. Y.M. Greshniakov, (pp. 


33-36). 


The author considers the magneto-static problem of the field of vector 
H. In the presence of currents this field does not possess the solenoid 
character of the physical field of the vector & nor the potential nature 
of the simple field of the sources. He proposes a method of eliminating 
these difficulties by introducing a generalized intensity vector. 


Analysis of a transistorized stabilizer circuit. A.N. 
Ananas’ev, (pp. 39-42). 


A description is given of the physical aspect of the performance of 

transistorized stabilizers and the factors affecting the stability of 
the output voltage are elucidated, The purpose is to facilitate work 
on transistorized voltage stabilizers in the project stage. 


The analysis of transistors in multivibrators. I. Kalish, 
(pp. 43-47). 


Reference is made to the Konev modulator used to generate rectangular 
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voltage contro] pulses and a study is then made of the effect on the 
discharge time of the controlling voltage applied to the discharge 
circuits of the condensers, 


The torque and speed characteristics of d.c. micromotors. 


L.I. Stolov, (pp. 47-51). 


After reviewing the factors affecting the torque speed curves of frac- 
tional horse power motors, the author proposes new design equations for 
f.h.p. motors with various excitation systems, but series excitation in 
particular, The case of reversing is considered. Good agreement be- 
tween theoretical and experimental results is obtained, 


The electrical properties and application of VK-2,Vk-3 and 
YA-4 type piezoelectric crystals and variable condensers. 


T.N. Verbitskaia, (pp. 68-75). 


The author is specially interested in the use of non-linear properties 
of piezo-electric crystals (Rochelle-salt-ceramics) and the development 
of apparatus using variable condensers, He lists the positive and 
negative aspects of V.K.-1 type piezo-electric crystals and gives an 
account of the research undertaken to develop new grades type VK-2, 
VK-3 and VKr4. VK-2 can now be used for technical purposes and VK-3 
and VK-4 have been used to produce specimen laboratory variable con- 
densers. The new materials have good technological properties. Further 
research is being undertaken to improve their coefficients of non- 
linearity, increase their stability characteristics and reduce dielec- 
tric losses. 


Compensation of the temperature error in induction meters 
and wattmeters by means of semiconductor thermistors. 


A.M. Iliukovich, (pp. 76-79). 


To remedy the great temperature error in induction meters and wattmeters 
and so improve accuracy the author refers to the various methods which 
have been proposed on the basis of thermo-magnetic alloys, He advocates 
the use of semiconductor thermal resistors instead such as the Russian 
MMT-8 and MMT-9, He proposes a scheme whereby this can be done so that 
the shift in phase between the flows remains constant under different 
temperature conditions. A quantitative analysis is made by means of a 
vector diagram and equivalent network, 


A current diagram and a universal equivalent circuit for 
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salient synchronous and parametric machines. I.M. Postnikov, 


(pp. 79-81). 


The theory of parametric (or “‘reactive’’) synchronous machines has been 
worked out in detai] by Iu.S, Chetet and the author confines himself to 
deriving the locus of the current hodograph (circle diagram) with stator 
resistance and losses in the stee] taken into account and to obtaining 
an accurate equivalent network which is applicable to machines having 
poles which are excited by direct current or permanent magnets besides 
parametric synchronous machines, 
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FIRST FUNDAMENTALS OF AN ANALYTICAL 
THEORY FOR DISCONTINUOUS FUNCTIONS 
IN THE DESIGN OF NON-LINEAR 
ELECTRICAL CIRCUITS* 


L.L. IVANOV 


Bauman Technical College, Moscow 


(Received 9 May 1960) 


Widespread use is made of discontinuous functions or functions having 
discontinuous derivatives in the study of non-linear circuits for 
modern automatic systems cybermetics, electronics and current recti- 
fication, The known methods of calculating processes in such circuits 
require solutions for the individual intervals of time bounded by the 
points of discontinuity and the subsequent conjugation (assignment). of 
these solutions to the points of discontinuity. 


This paper expounds a method developed by the author which enables 
the processes in such circuits to be described by analytical expres- 
sions covering the entire region of variation of the unknows, The 
solutions referring to the individual regions bounded by the points of 
discontinuity are automatically assigned. The method is based on the 
use of modulus-functions and ‘‘anti’’ functions, Its application to the 
solution of practica] electrical engineering and mechanical problems 
has been expounded in a previous article by the author “Collected 
Scientific Works of the MVTU’’**, 


Elektrichestvo, 9, 23-29, 1960. 
** L.L. Ivanov, Contribution to the solution of problems with discontinuous 
functions or functions with discontinuous derivatives), (K resheniiu 

zadach s funtsiiami imeiushchimi rasryvnye proizvodnye ili razryvy 
nepreryvnosti), Sborn. nauchnyth trud, MVTU (Bauman Technical College 
Moscow), 87, 1958. 
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There it was shown that, in order to remove the necessary reserva- 
tions imposed on the use of the method, an analytical] theory of dis- 
continuous functions based on special hyper-complex numbers generali- 
zing (normalizing) both real and complex numbers had to be developed, 
There have been many attempts to produce such a theory, the first being 
in 1913, but it was a hopeless situation and the attempts were cut 
short. The author renewed his attempts in 1937 and only in 1947 did he 
obtain a first acceptable result. The start of this theory is formo- 
lated in this article. But first we shal] deal with the elements of 
the theory and consider a number of examples. It will be seen that the 
theory is of practical value even though further elaboration is requi- 
red. The elements of the theory and the examples have been studied in 
greater detail in the article previously referred to, 


Elements of the theory. In the design of non-linear electrical 
circuits that can be characterized by discontinuous functions, use may 
conveniently be made of the modulus — function (Fig.1): 


x if x>0U, 


1 
\— x if «<0; 


the ‘‘anti’’-function (the nearest whole function contained in «x, Fig. 2): 


y=E, (x) (2) 
and the periodic- function with a period of one (Fig. 3): 


(3) 


8, (x)= x F(x) 


Pig. 1. Fig. 2. Pig. 3. 


A function with a period |L| can also be considered 
x 
8, (x)= =x LE\(+)= 


== J - E(x). 


(4) 
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The following function 


(x)] 


will be periodic with a period no greater than (L|, 


ot 


f ffx) will be periodically repeated when 0 < z 
0. 

In order to produce discontinuous functions or functions with discon- 

tinuous derivatives, we have to introduce discontinuities (Figs. 4 to 
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Pig. 8. 


In transformations with discontinuities it 


is convenient to use 
identities of the following type: 
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y=/(9, 
(5) 
7): 
tA (6) 
\ 
(8) 
(x) 
A 2 
i ac y iz 
Pig. 4. Pig. 5. Fig. 6. 
1.2 
> — — 
Pig. 7. 
Z 
vi, ‘ (9) 
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where t = @ (x) is any arbitrary function of «. 


One inequality or equality can be substituted for several inequalities. 
Thus, for example, AS 0 is equivalent to 
A \ (10) 


whilst A > 0 corresponds to 


we have to write the corresponding n equalities 


and then one equality equivalent to all the inequalities: 


VF — VIF i=! (12) 


The two inequalities A >0 and Bs 0 are equivalent to me inequality 


A+B A B\i>0 (13) 


In the same way, n inequalities are reduced to one inequality and the 


latter to one equality. 


The derivative of y = |x is obviously (Fig. 8): 


Consequently, 
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In the case of higher order derivatives when «x # 0, we get: if, 
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Generally speaking 


if n>2 1) 
Here § (s) is the Dirac delta function: 


if the integral is considered in the Stieltjes sense. 


Quite general formulae can be produced for integrals such as 


fix, e(x)\|dx and Wie: E(x)|dx 


. 


In the simplest case 


We can also produce the formula: 


dE (x) 
ua 


== 25 (sin 


Exaaple 1. 
Imagine the following function (Fig. 9): 


if x<a 


y == bcos(x — 4). 


Applying discontinuities (7) and (8), the function becomes one 
equality: 
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(19) 
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y= l(x)bcos(x«— 


(i+ ) bcos(x a)-+- 


x a 


\d. 


COS (Xx a) 
| al 
—a) —COs(x — a) 


a 
cos U +- cos U. 
x 1 


Therefore the function can be expressed by one equation 


Pig. 12. 


2. 
The equation of the line in Fig.10 is 


N.B. There is no need to know the co-ordinate a of the point of con- 
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Applying identity (9), we get: 
| r—ual 
i — 
r+a- 
= 2 cos 
| 
J 
7 f,(2) 
a Fig. 9. Pig. 10. Fig. 11. 
ai 
; 0 
Fig. 13. 
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jugation. Neither need the co-ordinates of many points of conjugation 
be calculated, 


Exeaple 3. 
It is supposed that y = f,(*) with increasing «x and that y = fo (x) 


with decreasing x (Fig. 11). 


Both relationships can be described by one equation: 


Such functions frequently occur in practice and are usually regarded 
as multiple-valued. The method in question is suitable for phase dia- 


grams (‘‘portraits’’). 


If s = const, we can study the limits on the right or left to remove 
the indeterminacy, 
Exeaple 4. Suppose that an electrical] circuit includes a rectifier 
valve (Fig.12) having reeistances ry and r, in the conducting and 
reverse directions respectively (ro > ry). It is assumed that the 
valve current is 


0 
i=I(u) —+1 (a) — 


If the valve is ideal, i.e. r, = 0 and 1 = 0, the voltampere 


1 
r2 
characteristic is shaped like that in Fig.13. The points within, and 
on the sides of, the second co-ordinate angle correspond to 
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where k& is any positive quantity (inQ). 


Substituting one equivalent inequality (see 13) for these inequali- 
ties, and casting away the inequality Sign, the equation of the volt- 
ampere characteristic is: 


Example 5. 
Using the formulae produced in example (4), we can produce a formula 

for the output voltage u, Of the two-sided valve-amplitude-limiter 

shown in Fig.14, namely, 
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Here ry and ro are the resistances in the conducting and reverse 
directions respectively, 


If r, = 0 and t= 0, we get 


ro 


Example 6. 
Suppose that the formula for the steady state current in a diode coil 


(Fig.15) is 
oft 


ti 


Fig. 15. 
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C=A—B>0, 
= 
+CE \j4, — CE}), 
where 
r 
Pig. 14. 
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™ || sin (wf -+-a— 


sin(wf+-a 


-+- (sing)e 


6), 


tising)e 


The differentia] equation for current i is 


di d 


However, such an equation satisfies the voltage uc of a capacitor to 
which an ideal valve is connected in parallel (Pig.16): 


~dx dx 
rt di rt dt == 2X, 


t= up; v= —u=U, sin (wt +4-+ 4). 


Fundamentals of an analytical theory for 
discontinuous functions 


It can be seen from these examples that use may expediently be made 
of modulus-functions and “anti’’ functions in the solution of non- 
linear problems. The proposed method ensures the automatic conjugation 
of the solutions at the points of discontinuity in functions and their 
derivatives. This at times eliminates the numerous and laborious con- 
ditions (usually inequalities) which divide up the region of variation 
of the variables, This method also reduces the number of equal ities 
required to obtain the solution, thereby making it a clearer and more 
convenient method of analysis. 
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Various n - dimensional loci can be represented by one equation. The 
character of the variation of the variables can be taken into account 
at the same time (in the sense of example 3). For example, the co- 
ordinates of the points of the shaded area in Fig.17 are 


ae*—y>0 and y—bx*>0. 


Substituting one equivalent inequality for these two (see 13), we get: 


F —ae* — bx* — |ae* + —2y|>0. 


Disregarding the inequality sign we obtain the equation of the peri- 
meter of the shaded area 


F = (). (20) 


The co-ordinates of the shaded area are obviously satisfied by the 
equation 


F —|F\=0 


and all the points of the shaded area with the exception of those round 
the perimeter correspond to 


But, when using modulus functions, there will be ensuing reservations 
determining the sub-region of variation of the variables in which one 
or another dependence is significant. Circumstances therefore arise 
which “partly contradict the purpose’’ of modulus — functions as 
functions instrumental in eliminating the reservations on the regions 
of variation of the variables, which reduces flexibility in operations 
with modulus- functions, 


Thus, for example, solving equation (20) with respect to y, we get: 


y= lae* + bx* + (ae" bx*)) (21) 


on condition that 
— 6x’? >0. 


Otherwise, equation (20) is meaningless and there is no value for y, 


Some equalities, for example, are senseless for al] «x: 
== — 1; E(x)—0,5; 
E(x)=0.5+-3j and so on 
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The first one, like «2 = ~!, is a senseless expression. The reason 
is this, The concept of numbers is too narrow in modern mathematics, 
The aim of an analytical] theory of discontinuous functions is to eli- 
minate this shortcoming by widening the concept of numbers, The con- 
ventional theory of analytical functions is a special case of theory 
based on the algebra of hyper-complex numbers (called “polinions”’), 
Polinions are based on “‘real wnits’’ 


is ig i, 
where n is the order of a rea] ‘‘one’’ l.- 


The general form of an a-th order poliniaon is 


z= (a, +0), 


where «, (k= 06, 1, 2, ...., are conventional complex numbers, 


If all the o are real, the polinion : is also called real, Other- 
wise it is called complex. The equality of two polinions and the main 
operations on them are defined in the same way as in operation on com- 


plex numbers, 


Suppose that the real numbers « and 6 are in a binary set: 


The ‘‘partial’’ sum of « and 6 is 
aed 4. ie 
where the terms (addends) consist of all the binary terms (addends) 
taken just the once, For example, 


17 © +- | (2* 2*)— 2 


The product of the real units is defined by the equality: 
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: 
a= 2"+-2"4 
b== 2" 2" 4 }- 2° 
2°-+-) = 21. 
i. 
m particular, by 
‘ ‘ m (23) 
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for example, 


20 


It can easily be seen that the ‘‘associative’’ and “commutation’’ laws 
are valid in polinion algebra, i.e, 


| =<] 
an am 


m 


and, consequently, there are zero devisors (invariants), the general 
form of which is 


A modu] us-function with a polinion variable is defined by the funda- 
mental formula: 


— 


(1 + = on 


Here « and y can be arbitrary polfnions in their turn. This formula 
will always give the same result regardless of the type of transforma- 
tion with polinions « and y and their coefficients «, only if the 
polinion « + I,y is other than zero or the zero devisor (invariant), 


From formula (25) we get 


if y=0 


Consequently, 
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when « >0, if & is a whole number, 


The following relations are also true: 


whilst, for real] polinions, 


If ¢t is a conventional complex variable quantity and f(t) can be 
expanded in a Laurent series, the following identity will exist 1960 


+ y). 


For example, 


et — e* coshy -+- | ,sinhy]. 


Here x and y are any polinions, 


The necessary and sufficient conditions for the existence of a 
derivative of the function 


[(z)= a(x, y)+ l,o(x, y), 
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Thus, 
2 2), (29) 
= |z*| = 2". (31) 
] 
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i.e, 
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ou 


k Oy 


For example, we find from relations (32) to (35) that 


— sinz, 


i.e, we get the same function as when differentiating functions of real 
variables, It is a very important property of polinion algebra that 
the rest of the known differentiation formulae retain their forn, 


We can put 


(u +1 


z 


(36) 
(udx-+ody)+1, | (vdx+udy) 


Ve 


If condition (34) is satisfied, the integrands in (36) are full 
differentials, 


The following, for example, can easily be got from (36): 


| sin(x+ 1, y)d(x+1,y)= 


cos + ly) +C. 


If z is a real polinion, then, using a formula similar to (18), we 


dz 


Suppose that |x| = a, where a is a rea] number. It can then easily 
be seen that the function, the reverse modulus-function (antimodulus), 


get: 


is 


+- \a|)-+- 1, (a — 


(a+ 1)+1,(a@—l) 
— a. 
(a+1)+1,(a—1) 


We can also produce a formula for the anti-modulus of any polinion, 
Repeating the operation & times we get |z|.,. 
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It can be seen that many expressions hitherto regarded as senseless 
now acquire a definite meaning. In this connexion we can draw the 
following analogy. Until use was made of complex numbers, the ex- 
pression x*.y? = 1 (Fig.18) was meaningless if s* <1, Similarly, 
\x| - /y| = 1 (Pig.19) is senseless when |x| <1 unless polinions are 
used, On the other hand, by using polinions we get for any real x: 


+ 1, (| 1 — 1) 


1960 
if |x|>1 


Polinions enable us to substitute variables (convert co-ordinates) 
unreservedly even in the case of the stated type of discontinuous func- 
tions. 


For example, suppose that 


Putting 
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we get (Fig. 20): 
xty=y? 


Previously this equation was meaningless if 


polinions for any | we get: 


This theory-can be further extended if it is desired to impart meaning 
to |x|= j. Putting 
?r 
(1+ 1,)j- 


we find: 


(39) 
(40) 
(41) 


(42) 


N.B. Equality 42 is similar to 22, which can be written in the form 


On the usual] assumption that |j | = we can obtain the 
recurrence formula: 


which can also be represented as: 
|=- l 


kek 
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For example, 


Likewise, 


ide 


and so on, 


There is a formula for the modulus | + j, y| similar to the fundamen- 
tal formula (25). Relations (29) and (30) also hold good. Instead of 
the Cauchy-Riemann conditions we have 


We get Cauchy-Riemann conditions (1, = 1) if k= 0. 


If ek = - 1, we get conditions (34) for the existence of a derivative 
of a real polinion function (1, =- 1). Thus the fundamental formulae 
of the theory of analytical functions acquire a more general form, 


In conclusion, imagine the function: 


x + a’ 


e’ =e 


Putting 
cos, y= — |, cosy +-(1 1,) cos y); 


: 1, +-(1 + 1,)sin yl, 


sin, y 
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|= j 
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e* 


=e" (cos, y+ sin, 


Using the adopted designations, we obtain the following formulae 


de® Ou Ov z 
dz Ox I Ox 


9 2 
cos, y-+1,sin, y=; 


cos, y- L,sin*® y = cos, 2 y; 


2sin, ycos, y= sin, 2V as 


If k=0 (1, = 1) we obtain known trigonometrical formulae, but if 


koa (1. = -1), hyperbolic formulae, 
6 


Translated by O.M. Blunn 


we get 


MODELLING THE LEAKAGE LOSSES 
OF LARGE POWER TRANSFORMERS* 


N.V:. BORIV 
Zaporozhe Transformer Works 
(Received 22 May 1960) 


1960 
The rapid development of our electrical power, constantly requires 

the design of new power transformers with an ever increasing unit- 

output. 


A major problem in the development of large transformers is the study 
of the distribution of the magnetic leakage fluxes and the additional 
losses and heating of the transformer components caused by them, 


These problems are a.! the more important in the case of auto 
transformers which have comparatively greater leakage fluxes than 
transformers proper, since the maximum permissible power that auto- 
transformers ca transmit is in many cases determined by the very 
heating that the leakage fluxes cause. 


It is a very difficult matter to investigate the heating of the 
magnetic circuit, yoke beams, rings, plates, bars and so on in a 
finished transformer and, in any case, this only defines the actual 
value of local temperatures, It is often necessary to impose special 
conditions, even a reduction in rated output, 


This article describes a method of studying electromagnetic processes, 
in particular, local] losses in transformers, by means of specially 
scaled down models, 


Investigation of such models not only allows the study of the losses 
in the components before the transformer is actually made, but provides 


* Elektrichestvo, 9, 38-41, 1960. 
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the possibility of modifying the design at the project stage by helping 
in the elaboration and verification of special measures which can be 
taken to reduce the loca] losses and heating due to leakage fields. 


It is implied in the similarity criteria that the leakage losses be 
the same in both model] and original. 


The expressions for electromagnetic processes in a conducting medium, 
ignoring bias currents, are [1] 


rot 


Permeability is a function of the intensity of the magnetic field 
calculated at the surface of the material. Neiman [2! has shown that 
practical use can be made of formulae (1) and (2) assuming that w= 
const. The electromagnetic processes for the origina] and mode] should 
described by similar equations: 


original 


rot Hor Sor orf or’ 


Comparing these equations and adding scale coefficients, the 
similarity criteria for electromagnetic process in a conducting medium 
are: 


7 


ratio (scale) of the intensity of the electro- 
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magnetic field; 


the ratio of the linear dimensions; 


the ratio of the supply frequency; 


the ratio of the intensity of the electrical field; 


the current density ratio; 


the ratio of the electrical conductance; 


the ratio of the magnetic permeability. 


The local] losses due to leakage fields can be equal at corresponding 
points of the origina] and model if the current density due to the 
leakage fluxes is the same, i.e. 


m, =I 


(10) 


m, =| | 
n=l. 


The joint solution of (7) and (8), when considered with (9) and (10), 
produces the fundamental criterion for modelling the additional losses 
at the point in question: 


(11) 


i.e, scaling down the transformer’ s geometric dimensions ") times 


iL 
requires a ai times increase in the frequency of supply to the model. 


Conditions (9) and (10) are satisfied if the model and original are 
both made of the same material. 


These criteria were first checked on L-62 type brass and grade 3 
steel testpieces, 
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The losses in the testpieces were investigated in a wniform homo- 
geneous field as produced by Helmholz coils, The scale and dimensions 
of the original and model were determined by the dimensions of the coils 
and the frequencies of the supply source, 50 and 100 c/s, 


The scale of the linear dimensions was 


m =Vm,= 0,707, 


The current in the coils and, consequently, the field inductance, 
were established from condition (7): 


for the original 
= or’ 


for the models 
or = Jor"1 or’ 


Since the field was produced by the same coils, "or = const and lee = 
= const, whilst arp = 


Losses were measured by thermocouples, Their arrangement is shown in 
Fig.1. They were soldered or embedded on the surface of the testpiece, 
A recording millivoltmeter measured the rise in temperature after 
switching on for 50 to 60 sec and the fall in temperature immediately 


after switching off. 


x 
S 
S 


200 


Fig. 1. Arrangement of thermo- 
couples on brass and steel test- 
pieces. Figures represent the 
number of the thermocouple. 


The conclusion drawn from laboratory tests and heat balance theory is 
that the algebraic difference between the rates at which the tempera- 
ture rose and fell during the time At --0 is directly proportional to 
the local losses at the point in question: 
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Ck A6 
Psp af’ (13) 
where P ap is the local losses in w/kg, C the specific heat consumption 
of the material in cal/g. deg, & the instrument constant, deg/ division, 
68°C the temperature of the testpiece at the point in question, and 


ii Al 7 ( be ) the algebraic difference of the temperature 


4! cooling 


change in divisions of the meter per second, 


The local losses as measured on the model and original are given in 
Table 1. For purposes of comparison the losses, as measured in brass 
without observing the scale criteria, are also shown, 


It can be seen that there is good agreement between the losses in the 
model and those in the original if the scale criteria are observed, 


The results confirm that yw can be regarded as constant in equations 1 
and 2 in the case of ferromagnetic bodies in leakage fields with an 
inductance 8, ~ 700 G, and that a y= 1 in the scale criteria equations, 


Using the scale criteria, the laboratory at the Zaporozhe transformer 
works produced and investigated a 1: 10 scale model of a 400 kV step- 
up auto-transformer with a bar or ring (‘‘through’’) output of 167 MVA 
and a generator winding output of 82.5 MVA, 


The supply frequency to the mode] was 5000 c/s to match the linear 
scale. All the linear dimensions of the original auto-transformer were 
reduced to a tenth. The design of the individual parts was slightly 
simplified to assist in their production, The mmf. distribution in 
the windings over the height of the model was strictly in accordance 
with that in the original. The scale factor as regards the m,m,.f. was 


"ry = aj 2 in The model was supplied from a specially designed 
1 


power amplifier using electron valves, A bank of capacitors was 
connected in series with the mode] at the output of the amplifier. 


The method of measuring the loca] losses was similar to that pre- 
viously described with the exception that the instrument for measuring 
temperature on the model had to be highly sensitive (of the order of 
4 to 6 x 10°73 deg/div). The local losses on the model were measured 
automatically. A single measurement cycle lasted 10 sec. The rig used 
for these measurements is illustrated in Fig. 2. 


Losses from the leakage fields on the model were measured on the 
bars, ring and in the magnetic circuit. The arrangement of the therm- 
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couples on the model and original is shown in Fig. 3. 


Table 2 compares the local losses on the model and original, as 
measured under similar conditions at similar points, (average values 
of three to four measurements are given). 


Modei 1:10 Photo- 

Amplifier of auto- [Thermocouple electronic 

F=5000c/s transformer switch F-16 type t bili, 
amplifier | stabilizer 


'~380V 


3G-10 — graduation Electronic H-16 type 


0.F. unit time automatic 
oscillator relay recorder 
J J 
J 

Fig. 2. Block diagram of system for measuring 
local losses on the model. 


It can be seen that there is good agreement between the local losses 
in the model and those in the original as regards both magnitude and 
spatial distribution. The lack of correspondence between certain 
values of P.,» is to a large extent explained by small errors in the 
production of the model and the mounting of the thermocouples, 


By way of example, tests were made to determine how effectively the 
yoke beams were screened from leakage fields by copper, aluminium or 
brass screens, Losses with and without screens are compared in Table 3. 


A slot was made in the lower yoke beam to reduce overheating and 
local losses were thus reduced 20%. 


All the measurements showed that the distribution and magnitude of 
lecal leakage losses can in practice be measured on models to within + 


10 per cent. 


In addition to the study of leakage losses, this electromagnetic 
model permits the reactance to be checked and the inductance in the 
windings due to leakage above and below the yoke beams to be measured, 
The resistances, reactance voltage and the leakage inductance as 
measured on the model are related to the real transformer by the 


formulae ' 
X,——_ [Q]: 
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m 


}- 
Uskt | lel: (15) 


(16) 


Under the test conditions, the inductance, resistance and reactance 
voltage of the model were accurate to within 15% of the original trans- 
former, 


Fig. 3. Arrangement of thermocouples on model 

and transformer. a on lower yoke beam; b 

on upper yoke beam; c — on magnetic circuit 

cover; d-— on stamped ring. Figures denote 
number of thermocouple. 


Investigations into leakage inductance on models is also valuable for 
studying the mechanical forces in the windings, 
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TABLE 3 


Local losses Wke as measured on a 
model with various screens 


of thermocouple 


15 

Copper, 0.75 mm thick .. 2.57 3.6 4.1 

Aluminium, 1 m thick .. 3.15 1.4 » 2.34 

Brass, 1 mm thick .. ./ 2.56 | 3.36 4.92 

Aluminium, 1 om thick 10.6 9.75 7.2 


These scale criteria for power transformers as regards leakage losses 
ought to be used extensively in the design of large new transformers 


and auto-transformers, 1960 


Translated by O.M. Blunn 
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FULL WAVE RECTIFICATION WITH “*‘ZERO’’ ANODES 
AND ITS USE FOR EXCITING EXCITRONS* 


V.M@. KOLESNIKOV 
Moscow 


(Received 11 September 1959) 


Widespread use is now made of excitron valves on electrified railways 
and in industry, i.e. mercury arc rectifiers with a constantly burmming 
excitation arc, It is known that the extinction of the arc even for 
0.001 sec, or a reduction in the cathode spot current below the critica] 
value, leads to failures in the rectifiers. The existing methods of 
eliminating these undesirable phenomena are unreliable and cause great 
power losses. 


Unlike known systems of single phase current rectification, these 
shortcomings are eliminated in the full wave rectification system with 
zero (neutral?) anodes as proposed by the author of this article. ore- 
over, this system improves the power factor and efficiency of the con- 
verter plant. The proposed systems are now in use at converter sub- 
stations on electrified railways for the excitation of excitrons,** 
This makes a considerable saving in electricity and at the same time 
improves the performance of the rectifiers, 


The parallel system with zero anodes 


When feeding one (Fig.1) (sic) or two (Fig.2) (sic) consumers, the 
system generally comprises a transformer with two secondary windings, 
valves V and a cathode reactor Ly with two windings. 


* Elektrichestvo, 9, 42-45, 1960. 

** V.M. Kolesnikov; Dewice for exciting and igniting excitrons, (Ustroistvo 
dlia worbuzhedeniia i szazhiganiia ekzitronow). Auth. Cert. No. 11527, 23 
October, 1957. 
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Full wave rectification 


The circuits operate as follows. Suppose that the anode Vo has the 
greatest positive potential relative to the cathode after connecting 
the transformer. A current i, will then pass through it; this current 
begins to fall after attaining a maximum and induces an e.m.f. in the 
winding Ly of the cathode reactor, Under the effect of this e.mf, a 
current i) appears in the circuit of anode Vie Yet another current ig 
appears almost simultaneously, also under the action of the e.mf, in 
the secondary winding of the transformer (shifted 180° relative to the 
first), but this time in the circuit of anode Vo. After the current to 
hes dropped to zero, two currents will pass via the load, namely, i 
and i,. These wil] be equalized by the mutual inductance between the 
reactor windings and wil] be the same in shape and magnitude, given 
definite circuit parameters (Fig.3). Current i, appears during the 
decrease in current i, and so on, There wil] thus be currents in al] 
the valves in the intervals of commutation (switching), but during the 
rest of the time there wil] only be current in vy and V, Or Vo and V4 1960 
Here a current J, passes along the windings of the cathode reactor and 
via the load. The pulsation of this current is negligible, a very 
important factor in the stability of the cathode spot. 


The theoretical (typical) output of cathode reactors, as required for 
producing equa] pulsation in the circuits shown in Figs. 1 and 2, is 
roughly the same as that of a system with the neutral point brought out 


x 

if d > 0.2 and the link coefficient between the windings is 0.2, 
r 
d 

i.e. 


S = 0,17P,, 


The fundamental] analytical relationships between the circuit para- 
meters are given below for finite magnitudes of the cathode reactor, 
The expressions for the maximum and minimum of the rectified current ig 
in the circuits considered above and the (overlap) angles between the 
anode currents enable us to find the rest of the required quantities 


comparatively easily: 
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Pull wave rectification 


- + 2 


(e?* + e?*") sins, 


E }+-2) sin 


Ee sin 


a —- ~——; 

sin 

2V r+ ) 
a Al ef") 


is the amplitude of the secondary voltage of the transformer, 
the voltage drop in the rectifier arc; 


the load impedance; 
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Full wave rectification 


the inductive reactance of the cathode reactor; 


the mutual-inductive reactance of the reactor, 


the leakage inductive reactance between the primary and 
appropriate secondary windings as defined by short 
circuit tests (in our case *k12 = *k13 


the leakage inductive reactance between the secondary 
windings, 
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Full wave rectification 


A] 


Pig. 4. 


The overlap angle Yo can be approximated quite well in practice: 


The series system with zero anodes 


Fig. 4 shows the series system of full wave rectification. It has 
two zero and two potential anodes, The sequence in which they operate 
can be seen from the diagram, The series and paralle] systems are both 
of special interest when contro] valves are incorporated (see below), 


Comparative evaluation 


The principal comparative data are given in the table, Each circuit 
has two isolated secondary windings, This to some extent gives them 
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Full wave rectification 


an advantage over systems with the neutral point brought out where the 
voltage between the windings is twice as big. This advantage still 
stands despite the presence of four anodes as in the bridge system, 
because the cathodes are in common and the anodes can be contained in 
one rectifier. Moreover, the average anode currents, voltage drops, 
maximum reverse voltages and their sudden fluctuations (jumps) in these 
circuits are no more and may even be less, 


Grid contro] makes these circuits even better. 


For purposes of illustration, Figs. 5(®) and (c) show current and 
voltage oscillograms for a circuit with the neutral point brought out 
with mutual inductance between the secondary windings of the trans- 
former and with or without grid control respectively. Figs. 5(b) and 
(d) show similar oscillograms in respect of the series system with zero 
anodes. Fig.€ shows similar oscillograms when there is no mut ual 
inductance between the transformer windings. 


The oscillograms are directly comparable as the elements of the 
systems are substantially identical and also the transformer voltage 


and curve scales, 


In the new circuits there are practically no sudden fluctuations in 
the reverse vo]tage between cathode and anode after ‘‘extinguishing’’ 
the rectifier valve, and this reverse voltage is also halved, This, 
together with the presence of common cathodes, is the real merit of the 
proposed systems, particularly when semiconductor rectifiers are used, 
The power factor of the converter is also improved considerably. 


Excitation system 


Fig.7 shows the circuit for firing and exciting Rev-type excitrons, 
as based on the above parallel system of rectification with zero anodes, 


The circuit includes ignition transformers TI, excitation transformers 
TE, a cathode (balancing) reactor cr, rectifier-exciter contactors K, 
jet coils Cc and a pulse contactor PK. 


The firing process is as follows, On connecting the transformer, the 
current excites the jet coils and a jet of mercury instantly makes the 
anode ignition-cathode circuit. When this circuit is broken an are is 
struck which then passes to one of the anodes, i.e, if a firing arc 
appears at the moment when the voltage on anode 2 is positive, it will 
in fact be picked up by anode 2, otherwise the arc will be picked up by 
anode 1 under the influence of the e.m, f. induced in the winding of! the 
cathode reactor when the ignition current disappears, The sequence of 
currents in the anodes proceeds a5 above. 
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Pull wave rectification 


The successive passage of the anode firing current through the 
reactor ensures that the emergence of the firing arc is properly timed 
with the discharge of the energy stored in the reactor through anode 1. 
This ensures that there is no failure in the excitation of the exitron 
regardless of variations in the mains voltage and the state of the 
rectifier, 


It can be seen from the oscillograms in Fig.3 that the current 
through the cathode spot is practically constant in magnitude despite 
the fact that the excitation circuit of each rectifier valve is fed 
from the transformer for half periods. It has been shown theoretically 
and by prolonged tests that the requisite steady output of the balan- 
cing reactor is roughly the same as that of the reactor in the full 
wave system, 


The shape of the rectified current and stability of the cathode spot 
for the same average current values vary as a function of changes in 
the mutual] inductance factor. 


In order to utilize the existing equipment contained in ShRV-20 type 
cubicles on conversion to the excitation system in question, use has 
been made of the reactors installed there without the mutual inductance 
link. This made it necessary to increase the average current through 
the cathode spot. The inter-anode voltage required is 80 V. Any 


industrial mercury arc rectifier can be similarly excited at very 
little cost. 


an 


Compared with ShRV-20 and ShRV-30 type excitation systems, the 
advantages of the proposed system are: increased firing reliability 
and excitation stability, no false tripping of the protection subsequent 
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472 Pull wave rectification 


to installation, unfailing firing and excitation when the RMNV 
(excitron?) is connected even after a week's shutdown, power consump- 


tion of RMNV cut by a factor of 2 to 3. 


Finally, these systems can be used in inverter stations and the 
governing laws stated here can be used as a basis for evaluation their 
utility in actua] conditions. 


Translated by O.M. Blunn 
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IMPULSE CHARACTERISTICS OF 
TURBINE GENERATORS* 
V.A. LIUL’ KO 


THE 


Leningrad branch of the All-Union Scientific 
Research Institute of Electro-mechanics 


The impulse characteristics of electrical machine windings to a large 
extent determine the maximum voltage that the winding insulation can 
withstand during surges. This not only applies to small] machines, but 
also to large turbo generators, including those unit-connected with a 
transformer. A theoretical method has been specially proposed for such 
generators. This makes it possible to measure the voltage at the 
winding terminals due to the reduction in the surge in the transformer 
and so to establish whether or not special protective devices are 


necessary [1]. 


The surge impedance of the generator is one of the items required in 
this method. The impulse characteristic have been measured on turbo- 
generators made by ‘Elektrosila’’. This paper gives the results of 
these measurements, studies how these measurements can be taken and 
re-states the term ‘‘surge impedance”’ more precisely as applied to 
electrical] machine windings. 


Surge impedance and the method of measurement 


Practical experience has shown that machine windings can be satisfac- 
torily characterized by a conventional] value of impedance in surge 
calculations, But different methods of measuring sink impedance give 
different results for the same winding, and the dependence of the surge 
impedance itself on such factors as time wave shape and the parameters 
of the measuring scheme even makes quantities measured by the sane 
method indefinite. This is inconvenient for design and research pur- 
poses and makes it difficult to obtain comparable results, It is 


* Elektrichestvo, 9, 49-52, 1960. 
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Impulse characteristics of turbine generators 


therefore desirable to standardize the method of measurement and to 
establish what quantity ought in fact to be adopted as the surge 


impedance of the winding. 


Fig. 1. Various methods of measuring surge impeda 
dance. SC - surge generator; (- cathode ray 
oscillograph. 


There are three main methods of measurement: 


1. A voltage surge is applied to the start of the winding. The end 
is earthed through a resistance r,. This resistance is such that there 
is no end reflection to the start of the winding, or alternatively the 
voltage at the end of the winding is halved when the resistance is 
connected (Fig.1la). If this condition is satisfied, it is assumed that 
the surge impedance Z « Pas 

2 Am equivalent resistance v. is substituted for the winding in the 
measuring circuit. The magnitude of - is such that the oscillograms 
of the voltage across this resistance and winding coincide at definite 
points (rig.1b). In this case it is assumed that Z = ree 


3. An oscillogram is taken of the surge voltage Ue at the start of 
the winding and wu at the output of the generator, as applied to the 
winding via resistance r, (Fig.1lc). It is assumed that the surge 
impedance equals the ratio of the surge voltage to the surge current 
at any given time: 
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The first method requires a lead from the end of the winding which 
every machine does not have, Zcan only be measured at the end of the 
winding, which is generally different from that at the start, whereas 
the latter is the decisive quantity in determining the extent of the 
surge at the terminals of the machine. Reflections are not always 
noticeable on the oscillograms and this can result in r, being rather 
inaccurate, The measurements are taken direct from the oscillograph 
screen and not from the oscillogram, This causes more errors. Finally, 
variations in surge impedance with time cannot be traced, 


The last two drawbacks apply equally to the second method, but this 
has an advantage in that the surge impedance is measured at the input 
part of the winding. This is a useful method if a unit scheme is wider 
investigation, comprising both machine and associated equipment, 


The third method is the most universal, the most convenient experi- 
mentally and also the most accurate, as the initial data for calcula- 
ting Z are taken from the oscillogram, If analysed carefully, the error 
can be made very small. The surge impedance can be measured at the 
start of the winding and variations with time can be traced, 


But in giving preference to the third method, reference must be made 
to a number of conditions affecting the measuring circuit and the way 
the data are handled. 


It can be seen from Fig. 2 that there can be a considerable variation 
in the magnitude of Z with time. 


All values of Z must be such that the winding is characterized as 
correctly as possible and that the reading can be conveniently obtained, 
The latter requirement is best satisfied by the value of Z correspond- 
ing to the maximum voltage at the machine terminals, This instant must 
be before the arrival of the end-reflected wave at the start of the 
winding (Fig.3a). This is more often than not the maximum value of Z 
for the winding in question, depending on the type of winding. But 
since it defines the maximum, i.e, the most dangerous voltage at the 
terminals of the winding due to the incident wave, and since it is 
usually the ultimate aim of the calculation to find that maximum, it is 
this maximum that ought to be adopted as the characteristic of the 
winding. Another reason why this value is convenient is that the time 
at which Z is measured can easily be fixed on the oscillogram, 


The surge impedance depends on wave shape, But Fig.2 suggests that 
this dependence is negligible and that the surge impedance is even less 
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476 Impulse characteristics of turbine generators 


important for surge with a longer wave front. Similar conclusions are 
reached from comparable curves for other turbogenerators, Since the 
appearance of a surge at the machine terminals with a wave front less 
than 1 to LSy sec is very improbable, and bearing in mind that the 
standard surge in impulse testing is 1.5/40 yw sec, the impulse charac- 
teristics should be measured with this wave shape, The impedance for 
surges with longer fronts will be determined with some margin, 


Reading accuracy is at a maximum in analysing the oscillograms 
(Fig.3a) if uw -u, and wu, are equal, Therefore r, in Fig. 1(c) should be 
approximately equal to the surge impedance of the winding, The 
accuracy of r, is of no special importance as is obvious from Fig. 4. 
The curves for Z e f(t) in this diagram are in close agreement although 


2 These curves 


r, differed from Z by a factor of as much as 2 and 3. 
also show that the values obtained for surge impedance by this method 


can be used in the design of any circuit. 


le 


1 and 


(Curves 


. 


Pig. 2. The surge resistance of T2-6-2 (1 and 

la) and TV2-100-2 (2 and 2a) type generators a5 

a function of time for one phase. 1 and 2 - 

length of wave front, = 1.522 sec: la and 
7,27 Q sec. 


A marked dependence of Z on the magnitude of r, as obtained elsewhere 
{ 1; is not confirmed, notwithstanding repeated tests on different 
machine windings, This could be explained by the (surge impedance) in 
the cited paper being measured after tor lor i period of time when 
end-reflected waves had appeared at ti aff of the windings, The 
conventional methods of measuring Z cannot be used under these condi- 


tions, 
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Impulse characteristics of turbine generators 


The surge impedance is thus the ratio of the surge voltage with a 
front of 1.5 pp sec to the surge current at the input to the winding at 
the instant corresponding to the maximum surge voltage timed so as to 
occur after the start of the pulse but before the arrival of the end- 
reflected wave at the start of the winding. The current has to be 
measured from the voltage drop on rh connected in front of the winding 


and close in magnitude to the surge impedance. 


Pig. 3. Oscillograms for determining the surge 
impedance (a) and average wave propagation rates 
(b). 1 — surge at output of wave generator; 

2 — surge at start of winding with other end 
isolated; 3 —-— the same, but other end earthed; 
timing frequency 1 Mc/s. 


The measuring apparatus 


The impulse characteristics were measured on a surge amalyser, a 
special apparatus developed for investigating surge propagation in 
machine windings [3]. Waves of various shapes were applied to the 
winding. The voltages arising at different points along the winding 
were recorded on an oscillograph, Since it had been established [4] 
that the impulse characteristics of electrical machine windings, and 
especially turbo generator windings having semiconductor coatings, are 
practically independent of the amplitude of the incident wave, an 
additional low voltage surge-generator was used to supply the voltage 
pulses. This generator, made with a TGI1/50/5 type thyraton, had an 
output voltage of about 80V and a discharge circuit capacitance of 20 
yt F., The output impedance was so small that a wave shape could be 
produced that was independent of the load even when windings with a 
very low surge impedance were under investigation. 


477 
- 


Impulse characteristics of turbine generators 


Special measures were taken to reduce the inductance of the discharge 
circuit of the generator. The output wave had no superposed oscilla- 
tions, despite the extremely smal] output impedance. 
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Fig. 4. The effect of impedance r, on the mag- 

nitude of surge impedance for one phase of a 

TV2-150-2 type turbine generator. 

<r, = m0; = 14022; = 70 92; 
@ rb = 35 


1960 


The simplicity of desien, reliability in performance and the undis- 
torted wave shape of the generator enables us to recommend the appara- 
tus for surge investigetions in the windings of large machines, 


Test results 


The impulse characteristic of turbo generators were measured on one 
and three phases using the arrangement show in Pig. Ii(c). The start 
and end of the other phases were earthed when measuring one phase, 


The results are given in Table 1. The surge impedances correspond to 
the instant when the voltage at the winding terminals was a maximum, 
The time from the start of the surge is show in the appropriate column, 


Table 1 also shows the time taken for the wave to travel along the 
winding and the average rate of propagation, Travelling time T was 
defined as half the time 2T necessary for the wave to travel from the 
start to the end and back again as determined from oscillograms of the 
voltage at the start of the winding with the other end first isolated 
and then**dead earthed’’ (Fig. 3b). The average propagation rate was 
assumed equal to the quotient of the length of one path of the phase 
winding divided by time T. 


The majority of the characteristic values in the Table are averages 
for several machines. Deviations from average on the individual 
machines were not large, usually no more than 2-6%. Deviations of 104 


478 


9°9 | | 


© 


$9 
062 
Ls 
L’s 0&2 
Lg 
$°9 
o's 
L’9 
8°L 
9°8 


ee 


**Z-09-AL 


Z-O0T-dAL 


Z-OOT-ZAL 


OH OK OH Oe MO 


I **  $-OST-ZAL 
euo) ¢ eee cee 
(S3uypuya om 3) 2-007 -4AL 
(3uypuya euo) eee 62-000 -dAL 


ge 
st 
ee 


0 
0 
0 
0 
0 
0° 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


oes 7'/s 


Impulse characteristics of turbine generators 


‘peeds | eouspeduy po VAX 


oes 7 OF/S*I JO S@ABM IOJ JO 


160 


| 
j 
| 
| oo rf 
3 
= | 
| | | | 
| | | 


Impulse characteristics of turbine generators 


were very rare, The differences in the impulse characteristics of the 
various phases are also within permissible limits, 


Thus, the tabulated values are quite exact and can be recommended for 
calculating surges in turbo generator windings, 


The results show that the surge impedances for three phases of a 
winding in parallel on average 3.9 times smaller than for one phase, 
On different types of machine the surge impedance ratio for one and 
three phases varies between 3.2 and 4.4, but sometimes it does not 
reach the conventionally used figure of 3. 


The analogous ratio of average propagation rates is 1.3 to 1.6 with a 
mean of 1.4. 


The TVF- 200-2 type generator was not studied when comparing the surge 
impedance for one and three phases as it has two windings with a par- 
ticularly complicated link between them, 


Translated by O.™. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.9. 1960 


The first international congress on automatic control, (pp.1-4). 


A first international congress on automatic control was held in Moscow 
from 27 June to 7 July 1960 attended by 1190 delegates from 29 coun- 
tries, members of IFAC. A short account is given of the work of the 
sections at which 140 reports were read, The theme of the congress was 
the practical application of theory, the reliability of equipment and 
the efficiency of systems, 


A method of accounting for power system operating conditions 
for planning purposes. V.M. Gornshtein, (pp.4-11). 


Attention is focussed on determining fuel consumption and the outlay 
connected with it. The major errors often committed in cost analysis 
are discussed, Formulae are proposed for calculating variations in fuel 
consumption and variations in cost when the power station(s’) load 
changes, Power station graphs are plotted for various types of turbine, 
Use is made of equivalent curves for the case when some of the genera- 
tors at a station are shut down, 


Computations for d.c. power systems on network analysers. 
A.I. Kazachkov, V.A. Klimov and G.I. Poliak, (pp. 11-14). 


The static models currently used for calculations on a,c, transmission 
Systems are adapted for use on d,c, systems, 


Regulation of a d.c. transmission line working in parallel 
with an a.c. transmission line. S.R. Buachidze, (pp. 14-18). 


The author extends a previous paper published in 1955 by studying cer- 
tain moments of the combined automatic regulation of active and reactive 
loads on a d.c, line when operating in parallel with an a,c, line, 
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Attention is concentrated on reversible transmission, A method of 
eliminating asynchronous swings between systems is described, 


Accounting for the service life of equipment in power system 
engineering cost calculations, Y.N. Livshits, (pp. 18-23). 


A method is proposed for dealing with estimated repair costs under 
changing price level conditions, 


A powerful unit converting a.c. into d.c. N.S. Klimov, 
(pp. 29-34). 
The difficulties associated with converters for high direct voltage 


transmission have been partly overcome in a new design where the air 
gaps do not experience ionization at pressures of 5 to 10 atm. 


A voltage regulator with booster transformers. YV.A. Somov, 
(pp. 34-38). 


It is supposed that voltage regulators with booster transformers can be 
used in high powered equipment of several megawatt. To fill a gap in 
the published literature, the author gives details of such regulators, 


Determining the initial conditions for transient calcula- 
tions when the circuit structure changes. S.1I. Kurenev and 


M.I. Pines (pp. 45-49). 


Further to other published papers dealing with the transient processes 
arising when a knife-switch closes in a circuit, the author establishes 
a general method of determining the independent initial values of 
currents in inductance coils and voltages in capacitors in the case of 
transient processes arising when the structure of live circuits changes, 
The method is suitable for use on computers, 


A method of calculating the awortisseur winding currents in 
synchronous machines, Iu.A. Kulik, (pp. 53-59). 


On the grounds that the currents in the damping windings of synchro:.us 
machines ought to be calculated in the design stage, the author propo- 
ses a relatively simple mathematica] method which covers the majority 

of cases, Very close approximation is cl aimed, 


Transient stability of synchronous and asynchronous- 
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synchronous motors with compound excitation for suddenly 
applied loads. N.R. Ipatenkoe, (pp. 59-63). 


To establish performance ratings and the maximum load despite the non- 
linearity of the moments’ equations and the presence of compound excita- 
tion, the author applies the ‘‘Lenar” graphical-analytical method to 
estimate the dynamic stability of synchronous and asynchronous- 
synchronous motors with compound excitation in drive systems under 
suddenly applied loads, 


A method of calculating the characteristics of solid-rotor 
induction motors. YV.M. Kutsevalov, (pp. 63-67). 


A graphical method is proposed for calculating the characteristics of 
induction motors with solid rotors, It takes into account the varia- 
tion in magnetic permeability and hysteresis losses. Good agreement 
with experimental data has been obtained, 


A survey of foreign design calculations for electrical ore- 


L.I. Moroz, (pp. 67-73). 


smelting furnaces. 


A table of the output and current of 15 furnaces made in Russia, France, 
Germany and Roumania is given to illustrate the different ideas 
prevalent on the most economic relationship between output, current 

and voltage. The various electrode and bath dimensions are also con- 
Sidered, Interest is roused most by F.V. Andreae’s and W.M. Kelly's 
work in this field. 15 references, 


Nature of the electrical strength of mica insulation, 
K.A. Andrianov, V.A. Volkov and A.V. Khval’ kovskii, (pp. 
73-80). 


An experimental ly-based physical study is made of the electrical 
strength of impregnated and non-impregnated mica paper and the effect 
of the distribution of the splittings on electrical] strength. The 
breakdown process is analysed, Thinner splittings of increased size 
are advocated, The production process should preserve a ‘‘continuous 
anisotropic structure’’, 


A static modulator using a controlled semiconductor resistor 
0.M. Kudriavtsev, (pp. 80-83). 

A study is made of a static modulator in which the resistance of the 
semiconductor is periodically varied by a changing electrical field (as 
in Auth, Cert. No. 468904, 5 July 1958). When fitted at the input to 


= 
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d.c. amplifiers, stability is improved and the amplifiers are suitable 
for measuring the value of constant or slowly varying voltages and 
currents in automatic systems etc, 


A method of approximation for wire-wound resistors with 
frequency modulus compensation. Iu.A. Skripnik, (pp.83-85). 


A mathematical study is made of wire-resistors for use in phase- 
insensitive circuits, e.g. in voltmeters, Attempts to reduce reactance 
increase the frequency error in the “resistance modulus’’ and thereby 
reduce accuracy. The use of double-strand windings and high-ohmic 
resistances is advocated, 


1960 


484 


960 


SELF-ADJUSTING DECENTRALIZED SYSTEM 
AUTOMATICALLY CONTROLLING POWER 
SYSTEM FREQUENCY AND REAL 
POWER FLOW* 
A.G. MOSKALEV 


(All-tnion Research Institute for Electrical Rngineering) 


(Received 1 July 1960) 


The main purpose of automatically regulating the real power flow and 
frequency of a power system is to ensure the most economic operation of 
the system whilst maintaining the frequency at the desired level. This 
task can only be performed if account is taken of economic and techni- 
ca] characteristics and if the necessary reliability can be ensured 


under normal and fault conditions, 


From the broadest point of view, automatic control of the most 


economic state of the power system implies that the operating costs are 


a minimum in monetary terms over a given period of time (e.g. a year, a 
jay) for given thermal and electrical load curves, This is achieved by 


correctly choosing the equipment and rationally distributing the load 


between the power stations and generating units, 


Fuel-fired power equipment is at prese 


cause the problems involved in the automation of these operati 


be 
have yet to be fnlly lved. We 


fror 


state is here underst 1 to meal nat ™ ptil 


corposition of the units at hydro-electri itions is determined a 


maintained for the given equipment at fuel-fired powered stations and 


4 
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‘ 


power stations and their units, 
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continuously in operation, electrical and thermal energy 15 constantly 
being transmitted and consumed, the stations, substations and consumers 
are spread over vast territories, and the demand for electrical and 
therma] energy is arbitrarily variable. It is therefore impossible to 
apply the principles of automatic control developed for individual 
factories and plant to power systems without further consideration, The 
principle underlying the automatic contro] of power systems should be 
such that the best possible use is made of the physica] characteristics 
of the process of generation, and that the fundamental] technical and 
economic characteristics of the power syster be observed, 


The following factors must be considered in a solution of this 
problem: (a) the economic characteristics of the individua] units and 
stations; (b) the technically permissible range over which each unit 
can be regulated; (c) the given head of water at hydro-electric 
stations: (d) transmission losses as a function of the load; (e) 
changes in the units operating and in the configuration of the network 
during the process of operation etc, Moreover, the system of regulation 
should not only operate correctly when all the stations in the system 
are in step, but also when parts of the system are out of step. Some 
of these factors have to be taken into account all the time, others 
have to be taken into account as SOOM 45 they come into play, whilst 
others need only be considered periodically. The latter factors can be 
taken into account automatically or else dealt with manually. 


1960 


The main characteristics for distributing the load in the most 
economic way between para] lel-operating units and power stations are 
marginal cost curves (financial expenditure, conventional fuel). As is 
well known, these curves relate gnall changes in cost to smal] changes 


in output: 


(1) 


where G is the conventional consumption of fuel, steam, water of 
monetary means; and 


P is the power of the load, 
The loading of paral lel-operating boilers and paral lel-operating 


hydro-electric units is most economic when the marginal costs are equal 


1 i n 


The loading of parallel-operating steam turbines is most economic 
when the units with the smallest values of marginal cost are loaded 
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first and then those with the largest.* The distribution of the load 
between boiler-turbine-generator units on the one hand and power 
stations (fuel-fired and hydro-electric) on the other is most economic 
when their marginal] costs are equal** 


where 6, is the marginal] cost of the power system. 


The load distribution in power systems, especially large combined 
systems, having long transmission lines where the load losses must be 
considered will be most economic if the marginal costs of the stations 
are equal provided the losses in the network relative to a single point 
in the power system are inc] uded: 


or, alternatively, 


: hh 


where 6, ..., 6. are the marginal costs of the stations relative to 
the bus bars (i.e. network losses ignored); 


the marginal] costs of the individual stations due to 
the losses in the network when their output is trans- 
mitted; and 
the marginal costs of the real power flow in the 
network when the output of the stations is trans- 
mitted, 

Owing to the energy stored in boiler units, the marginal cost curves 

of these wits (for short transient fluctuations) are very different 


from the curves obtained if there is a slow secular change, such as 


occurs in norma] operation. The same applies to turbine units, but to 
a less extent. This prevents the use of the ‘‘trial and error’’ method 
for finding the optimum state of the power system by varying the con- 

trol object. The system of automatic contro] should therefore be such 
that the marginal cost curves of the boilers and turbines are included, 


If there is a considerable divergence between these curves and the 


— 


° The relative increments of generators and transformers have practically 
no effect on load distribution economics. 
Marginal cost curves for water consumption at hydro-electric stations are 
different. Equivalent marginal cost curves (in terms of conventional fuel) 
are obtained by rultiplying by a coefficient A (1,2). 


h h (3) 
b=... =6 b, (4) 
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actual curves, they should be changed, At the present time this 
operation is performed manually in al] known systems of power syster 
regu] ation. 

As regards the marginal cost curve of the network, this can be 
determined from instantaneous changes in the parameters of the network 


since the stored energy is comparatively small, 


It has been proved [3, +] that the marginal cost of losses in real 
power in the network due t the output of the i-th station can be 
defined quite accurately by the formula 


where Al’ and Al’ are the direct axis and quadrature axis components 
. ' of the voltage drop between station ! with a voltage 
UL; and the conventional] centre of the power system 
O with the voltage Uo; and 


T is the ratio of the inductive reactance of the line 
to its 


resistance, 


If lines with considerably different values of T are connected in 


series (i.e. lines of different rated voltages), then information con- 
cerning the voltage in the conventional] centre of the power system 
received at a boundary point ol the network ] (to define the voltage 
drop Al’) is transmitted to network IJ (of another rated v yitage) in 


‘distorted”’ 


where 7 refers to the stage at which the information is received; 
vr refers to the stage at which the information is cont inued, and 


U, 


is the voltage at the boundary point of the network. 


With certain additiona] assumptions, the marginal cost of the losses 
in the network can be defined from the formula f1-4) 


where I ob and P, are the rea] current and real power flow of the k-th 
line respectively; 
r, the resistance of the k-th line; 


(5) 
on ({ s) AU, U, 
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- the marginal] increase in losses on the k-th line; 


- the rated voltage, and 


- the voltage at the point where P, is measured, 


The margina] increase in losses for a given station equals the 
algebraic sum of the marginal increases in loss on the sections of the 
network between the station and the conventional centre of the power 
system, calculated along any of the connected parallel] branches, 


There are two ways of solving this problem at the present time, The 
first, which is also the first chronologically, consists in the provi- 
sion of a centralized system of automatic control. The second requires 
a decentralized system of automatic control, 


Ry ‘‘centralized’’ is meant a system in which the output of each 
station is determined at a central (e.g. despatcher) point in the 
system and from which control is transmitted to the power stations, 


By ‘decentralized’’ is meant a system in which each station deter- 
mines its own output from the marginal increase, 


A decentralized system can include a centralized system for part of 
the power grid, whereas the reverse is not true, Consequently, the 
principle of decentralization is the more general, 


The individual power stations have to receive representative infor- 
mation about the power system conditions if the load is to be distri- 
buted in the most economical way. In a centralized system of regulation 
avery large number of items of external information are required, Thus, 
in a combined power system the following data are necessary besides the 
frequency, which is available, 


(a) at the central point - output of the stations, output of the 
substations in the main network, the state of the transmission lines 
(whether each given line is connected or not), the composition of the 
units and the control] range of every unit in the system; 


(b) at the stations — the required output . 


The provision of this information requires at least the following 
telemetering channels: (a) from each station to the central point; 
(b) from each substation in the main network to the centre; (c) from 
the centre to every station. It is therefore impossible to create a 
reliable centralized system of automatic control in large combined 
power systems, not to mention the great cost in terms of material and 
labour involved in installing such a system and maintaining it. 


Moreover, the whole system is deprived of automatic contro] if the 


r 
a 
a 
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centre is out of order. Acentralized system of control does not allot 
the correct output to stations in parts of a power system operating 
separated from the main system and does not automatically adjust for 
changes in the configuration of the network or the composition of the 
units at the power stations. If the composition of the power system is 
changed, or if power systems are combined, the existing resolving 
devices have to be replaced and, in the latter case, a whole new net- 
work of telemetering channels has to be created, A centralized system 
cannot therefore be recormended for combined power systems, or for a 
single national] grid. 
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Fig. 1. Conversion of the voltage of the conven- 
tional centre on transition to a network with a 
considerably different value of rT. 


In 1951, in the All-Union Research Institute of Electrical Engineer- 
ing, the author proposed a method of contro] based on the balanced 
e.m.f, principle and a decentral ized automatic contro] system was sub- 
sequently developed that satisfied al] the stated requirements, This 
system of control is effected by three criteria, namely, (1) deviations 
from the desired value of the basic quantity defining the output or 
‘product’? (i.e. frequency, voltage, pressure etc); (2) the actual 
output or ‘‘product’’ per sec; (Cc) a certain integra] function of the 
deviation of the basic variable criterion from the desired value, 


As regards the regulation of frequency and real power flow with 
network losses ignored, the contro] equation is: 


t 
Aj —s,(P,—9, kAfdt)=0, (i= 1,2,.-.. mp (8) 
where 4 f is the frequency deviation; 
P— the output of a wit; 


¢ ~ a function defining the economic characteristic of a unit 
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over the range of control and the limiting function for 
the limits of the control range; 


s — the coefficient of “‘statism’’, (‘‘statism’’ is defined as 
the deviation of the regulated quantity at rated load from 
its no load value expressed as a percentage of the latter 
Translator), 


k —~ a constant coefficient; 


t — time, 


The integra] function of the frequency deviation is a measure for 
comparing the margina] increments of the power stations, CGuantitatively, 
it equals the marginal increment in a closed automatic control system: 


t 


\ k Af dt=6,. (9) 


0 
The function d is the marginal cost curve of the unit P = E (b). 


Thus, the product of the integral function times the function ¢ gives 
the desired output of the unit, This output corresponds to the 
equivalence of the marginal costs, On the other hand, the integral 
function (9) is no other than the deviation of synchronous time | eynch 
from astronometric time Toast: 


t t 


T 


0 0 
= b= synch 


This is a permissible system of control since the variation in the 


functions |e af dt u 6=4(P) is qalititatively the same if the power 


balance in the system is disturbed and, consequently, when the frequen- 
cy deviates from its rated (standard) value, These qualities are 
compared quantitatively during the process of automatic contro] in 
closed systems, 


A load distribution device URAN is used in the control system of a 
fuel-fired power station with a common steam main, This device allots 
the load to the various units in the most economical way, 


For a combined power system when the marginal increment of the 
network = 3 is taken into account, the control equation after 


l-@ 
certain conversions is 
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(a) for boiler-turbine-generator-type stations and hydro-electric 
stations: 


Sf —s,[P,—9, (1 \k f dt|= 0; 


(b) for fuel-fired stations with a common steam main 


—s,{P,—9, + (ge nor) = 0. 


net 
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logarithmic basis so that the margina] increments are added instead of 
wultiplied. The basis also sake 
automaticaly the marginal! st curve of the statior 
of water, head of steam or number of units operating Ea 
Gums is changed, as well as in other ses, 
ms. of the station relative to the conventional centre 
of Ee are fed to the integrat r ‘2 from the right 


Self-adjusting decentralized system 


where b, is the marginal increment of the boiler house; 


the marginal increment of the generating plant; 


the marginal increment of the network, 


The logarithm of the marginal increment of the power system, log 
is fed in from the left. 


The system of regulation is in a state of equilibrium when the 
frequency in the system equals its rated value and when the marginal 
cost of the station equals the marginal cost of the power system, If 
the composition of the running units is changed at the station, the 
heat balance is upset, the instruction from the device for control ling 
the load distribution between the boiler units (URAN) ) is altered and 
likewise the marginal] cost of the boiler house, In the process of 
regulation, a new station loading is established for different values 
of b,, b. and b.- A change in the configuration of the network, or in 
the operating conditions of the stations, leads in the same way to an 
automatic change in the operating loading of the station in question if 
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it is accompanied by a change in 6, at this station, 


Thus, the system automatically adjusts changes in the power system, 
or at the station to the most economic conditions, 


The functions @take into account the economic characteristic and 
restricts the contro] range of each unit (boiler, turbine) separately. 
The power developed by the station is automatically restricted by the 
introduction of the pressure deviation criterion Ap not only when the 
contro] ranges of the generating plant and boiler house are not matched, 
but also when the limit of the contro] range is approached, This 
feature is also used to curtail] output under other conditions e.g. if 
the heat bal] ance is disturbed at the same time, 


For boiler-turbine-generator stations, the system is more sirple 
(Fig.3). The marginal increments are also supplied in logarithmic 


form, 


The system of automatic contro] in hydro-electric stations inc] udes 
an auto-operator which maintains the composition of the units in the 
most economic state (Fig.4). The auto-operator also starts the standby 
units if a drop in frequency occurs. Under this system there is com- 
plete automatic control over the real power flow of the hydro-electric 
station, including the determination of the rost economic load, the 
most economic composition of the units and maintenance of these con- 


ditions, 
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It follows from equations (8), (11) and (12) that the load allocated 
to each unit is not a function of the overall] load of the station, but 
of the integral of the deviation in frequency, Therefore @ arbitrary 
function of the load can be specified for each unit separately, in- 
cluding a function which wil] only change the load of the unit in 
question within the defined range (from Pate to Puan) for all possible 
marginal increments of the power system, This is very important for 
controlling the operation of units in fuel-fired power stations, 
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rig. 3 The decentralized self-adjusting system 


for controlling the operating load of a unit-type 


power station. 


All the necessary information is available at the power stations for 
automatic contro] in accordance with equation (8). In point of fact, 
the actua] output is measured at the station and there is a single 
frequency in the power system. Therefore, if the frequency “transmitter- 
gauges” are sufficiently accurate, the functions 


dt 


are the same at al] the stations. Control] in accordance with equations 
(11) and (12) requires additional] information about the marginal] incre- 
ment in the network losses with respect to the load of the station in 
question, This information is generally obtained at the station 


through telemetering channels, The number of channels depends on the 
method used to determine the marginal] increment in losses. Methods 
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have been developed to send this information to every station along one 


channel, U fnet 


From head 


head 


> Prom frequency 
| Start ing dev ice 


To starting and stopping 
of units 


Fig. 4. The decentralized self-adjusting system 
for controlling the operating load of a hydro- 
electric power station with a low head of water. 


The block diagram in Fig.5 refers to a self-adjusting decentralized 
system of contro] for a part of a power system having five stations and 
two rated voltages in the main network, In this case the marginal 
increment in network losses is determined from formula 5, The conven- 
tional] centre of the power system is assumed to be the bus bars of 
substation O. On transition from a network of one rated voltage to the 
next network of a different rated voltage, the voltage vector of the 
conventional centre O is converted in the device CV in accordance with 


formula 6. 


The system of regulation illustrated in Fig.5 will operate correctly 
if the power system is divided up into separate parts provided the vol- 
tage vector Uy is transmitted through the nodal stations (substations). 
Loss of synchronism of various parts of the power system can be detec- 
ted from the angle of the voltage vectors Up. and the sense at the 
point U; in question, Using an automatic device at the input to the 
tele-transmitter 7tr, we can supply the voltage of the point in question 
instead of the received voltage Up. The latter point becomes the new 
conventional centre for the separated part of the power system, When 
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synchronizm is restored the automatic device will again supply at the 
input to the tele-transmitter the voltage Up received along the tele- 
channel. 
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A second type of decentralized self-adjusting system of regulation for 


a combined power system 


If the margina] increment in losses is determined in accordance with 
forrula (7), the system of regulation is that shown in Fig. 6. Both 
principles of accounting for network losses can be combined, for 
example, up to a certain point the increment g may be iefined by the 
voltage vector, and beyond that point by formula (7 


Regulation in accordance with equations (11) and (12) prevents dis- 
turbance to paralle)] operation by overloading of individua] stations 
and lines, since the station stops load build-up before the maximur 
transmitting capacity of the line is reached, 


The necessary apparatus for this type of contro] has been developed 


and is largely in batch production, 


The above system of contro] can ensure the most economic conditions 
within a given power system, and guarantee the observance of contracts 
between power systems and nations for the exchange of power and elec- 
trical energy. For this purpose a correction is made to the foregoing 
law of regulation so that the following equations hold: 


(a) If in the regulation of the power system the losses in the net- 
work are neglected 
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b : 


(b) if the losses in the network are considered 


(4b) 


net bb, net net 0” 


where a is a coefficient taking into account the contractual relation- 
ships. 


It is expedient to consider the following three types of co-opera- 
tion for the exchange of electricity between power systems (nations), 


Ter 


Fig. €. The first decentralized self-adjusting 
system of regulation for a combined power system. 


1. The load is distributed between the power stations of given 
power system (nation) in the most economic way, whilst the output is 
exchanged between power systems in conformity with defined values 
(daily load charts). The load can be distributed between the stations 
of the power system in question with or without network losses taken 
into account, Under this systep, coefficient a is a function of the 
deviation from the desired value of the power flow between the system 
AP: 


a, + (AP). (13) 


2. The load is distributed between the power stations of the power 
system (nation) in question in the most economical way, whilst the 
electrical energy is exchanged between the power systems (nations) 
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within the limits fixed by the plans or bilateral negotiations without 
strictly fixing the power exchanged, Here the coefficient isa 
function of the given value of the power exchanged, It varies discre- 
tely over a cyclical] period of time (a day, week) during which it 
remains constant. To prevent over-generation of electricity in indi- 
vidua] power systems (countries), to transmit it to other power systems 
in off-peak periods and to stimulate the production of extra power 
during peak load periods, it is expedient to introduce a two- or three- 
part tariff for energy transmitted to or received from another power 
system in accordance with actual average production costs, This tariff 
is fixed as a function of the actual value of the marginal increment of 


the power system, 


3. The load is distributed between power systems in the most economic 
way on condition that the consumption of conventional fue] or the 
financia] outlay is a minimum, In this case the coefficient a should 
be equal to unity or some other constant quantity as a function of the 
equivalent adopted for bo: 


The system of regulation described with local ‘transmitter-gauges”’ 
for the marginal increment was first inst alled on the Kharkov power 
system in 1957. It has produced good results in operation, The control 
process has been stable and of good quality and the most economic 
conditions have been maintained. 


In 1959 the system of regulation was tested on the combined southern 
power system involving five power stations and its good qualities were 


shown again. 


Translated by OM. Blunn 
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TRANSIENTS IN MAGNETIC AMPLIFIERS WITH 
AN RL (ACTIVE INDUCTIVE) LOAD IN 
THE RECTIFIED CURRENT CIRCUIT* 


KHU-TSZIA-IAO and V.A. SHUBENKO 


(Received 9 April 1960) 


There is a dynamic redistribution of voltage in the transient states 
of mametic amplifiers with an RL load in the rectified current circuit 
which in a number of cases has a considerable effect on the course ol 


the transient. This phenomenon has still tc be fully studied, 


Bessonov [1] has suggested a graphical-analytica] method of deter- 
mining transient phenomena in magmetic amplifiers which takes this 
dynamic vo]ltage redistribution into account. This method is based on 
the method of “successive intervals” and is therefore extremely com- 


plicated. 


Safris {2} has studied a more convenient method which uses a simple 
the author confines himself to the study of 


equivalent network, but 
magnetic amplifiers without feedback operating in the presence of weak 
Sigals when all the parameters can be regarded as constant. If this 
method is used, the equivalent time constant of the load circuit may 


often be low. 


Our investigations show that dynamic voltage redistribution is a 
feature of any rectifier circuit with an RL load and that it is caused 
ty a pre-connected resistance. A previous paper has dealt with this 
phenomenon in the stated circuits [3]. 


In this paper a description is given of a more genera] method deter- 
mining transient phenomena in magnetic amplifiers, which allows the 
effect of dynamic voltage redistribution, feedback and also circuit 
non-linearity to be taken into account, 


Elehtrichestec, 10, 95-41, 1960. 
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Suppose we begin with the simplest case, It is assumed that it is 
required to find the law governing the variation in the transient 
currents in magnetic amplifiers without feedback but with an RL load 
in the rectified circuit when the control voltage is connected (Fig. la). 


To simplify the analysis, it is assumed that the rectifiers are 
ideal,*® 


In the following we shall use average half period values of the 
electrical and magnetic quantities. 


The equations of the arrangement in Fig.1(a) are: 


Su,=L, 


60 . 
Su 10 + (2) 


da® 


are the average currents in the load, control and 
bias circuits respectively, a; 

the rectified voltage and camtrol circuit voltage, 
V; 


load inductance, H; 
the resistances in the load, control and bias 


circuits, Q; 
the number of turns in the control and bias windings; 
and 


- the constant component of the magnetic flux, M. 

From an analysis of the magnetic characteristics, we get 
= ke Ai 
AP,10-* = k, + 2 Au,; 


= + Ai,w,, 


where bay is the average alternating current, and 


* Germanium rectifiers were used in the experiments. 
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(4) 
(5) | 
6) 
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Ou, 


are coefficients dependent on the properties and desig of the mamgetic 


amplifier and parameters of the circuits. 
Ai 


Putting 3= a equation (4) becomes 


4u.= ALiw,—4ir,. 


r 


where = 


Fig. 1. Main circuit (a) and equivalent network 
amplifier without feedback with an RL load in 


the rectified current circuit. 


(b) of a menetic 
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Hence, the main circuit of the magnetic amplifier without feedback 
can be replaced by the equivalent network shown in Fig, 1(b) where u 

and rs are the voltage and internal impedance of the equivalent genera- 


tor, 


The voltage u varies during the transient as a function of the 
instantaneous values te and t,- At the end of the transient u. is equal 
to the average half-period value, of the main voltage. 


The impedance r; depends on both the steady state and instantaneous 
values of the m.m.f. The dependence of ron the instantaneous value 
is not significant and it can therefore be regarded as constant during 


the transient. 


It is pre-supposed that rs corresponds to the steady state value of 
the inductive reactance of the operating windings of the magnetic 
amplifier and so rf can be readily defined by steady state parameters, 


The steady state equations for the arrangement in Fig. 1(b) are 


(7, 


whence 


aU) 


Formula (10) usually produces a slightly reduced value of r, since 
the variation in o and ry during the transient is ignored. It is there- 
fore recommended that the following experimentally determined formula 
be used: 


av 
(10a) 


where m takes into account the fact that the average value of r. during 
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the transient will be greater than its steady state value owing to the 
variation in o and rie 


It has been established that m = 1,05 to 1.15 for magnetic amplifiers 
having an E-shaped transformer steel core. 


In genera] the coefficients k/, kg and ayare not constant, But 
these values can be assumed constant for a weak signal, when operating 
on the linear part of the mgnetic characteristics. Equations (1) to 
(7) can then be solved by the operator (transform?) method. 


The initia] conditions (if *« = 0) are: 


A®, (0) = 0; (11) 


ALi,w, (0) = 9; 


1960 


Ai, (0) =0. (11b) 


Solving equations (2), (3) and (lla), the value of the initial 
control current is 


Hence the contro] current is subject to sudden fluctuations at the 
beginning of the transient owing to the transformer “link” between the 
contro] and bias current circuits. 


Solving equations (1) to (7) with the initia] conditions taken into 
account, we get 


H(t) (9) (pet! 


Al, 


(13) 


l 


| 
i+ PAs 
whe re 
(12) 
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Equations (12) and (13) correspond to the following differential 
equations: 


di. 


d*hi» 


160 


Hence dynamic voltage redistribution leads to a lower equivalent 
time constant of the load circuit, The relative decrease in the time 


constant is defined by the expression: 


(14) 


Fig. 2 shows as a function ) ,UM-51-65/46 type ampli- 


The value of T) is considerably less than T) for slight mag- 


fier. 
There- 


netization, but it approaches T) as approaches maximum, 
fore, the weaker the magnetization, the greater is the magnetic ampli- 
fier, Conversely, this effect is negligible if there is great mag- 


netization, 
The effect of dynamic voltage redistribution on the transient also 


—— 
505 
| 
where 
L L 
fot at 
t =i — k =(1- 8 )- -k > 
9 9 9 
a w*, w* 
6 \ c 
0(7) (S45 ( + 
7 
wh 
(8) r & (1) r 1 “4 
b b 
l e 1. max oO max 


506 Transients in magnetic amplifiers 


depends on the ratio a The greater se , the more slowly does the 

voltage in the operating circuit vary. Ata certain high value of — 


the effect of dynamic voltage redistribution on the transient can be 
ignored [4]. 


Owing to the existence of an electromagnetic link between the 
primary and secondary circuits of the magnetic amplifier, the dynamic 
voltage redistribution also affects the secondary circuits, Consequently, 
the transient in the control] circuit cannot strictly speaking be de- 
time constant. But, as we shall see, this phenomenan is 


ant and can therefore be ignored in practical calculations, 


fined by one 
often unimport 


1960 
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Fig. 2. The values of r,/r, and TI 


as a function of 


Transients in magnetic amplifters with external feedback 


In this case, instead of equations (1), (6) and (7) we have: 


dA®, 
dt 


d& 


a 


=L, = +Ai,r, 4 10°; (15) 


ALi,w, = Ai. + 


v 


Au Row (Ai.w + Ai, ) Ait (17) 


r 


| 
{0 +— | 
rip | 
6 | | | 
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where Feb is the number of turns in the feedback winding; and 
wfb 
at + =? Ri ep 


(N.B. “fb” stands for feedback), 


Solving equations (2), (3), (5) and (15) to (17), we get: 


fb 
+ b mt +k, fb | 


: 


f 


X 


c 


w fb \ 


e.o 


fh 
t 76 (1 + = 
\ / 
ifb w / r 


e 


“tbis) Rei * ** 
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Equations (18) and (19) correspond to the following differential 
equations 


(19a) 
1960 


If @ = 0, equations (18) and (19) are converted into (12) and (13). 


These results agree wel] with the data given by Safris 2) and 
Rozenblat [5]. For proof of this, consider the following cases. 


Fie. 3. A menetic amplifier with external feed- 
tack and an RL load in the rectified current cir- 
cuit with control voltage connected. 


Case 1. In the absense of bias (vo, * O and Tr, = 0), equations (12) 


/ wep 
Al ay Foun (| +R, dn + 
, (18a) 
ai. 
Al, Ri. rp 
wep 
| + k + 
~U 
w. 
= 
4 
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and (13) simplify to 


A 4/. 
i (p 
Ai (p) > * 


(23) have been produced by Safris for magnetic 


Equations (22) and 


amplifiers without feedback or bias and with a weak signal {2}. 


Case 2. In the absense of dynamic voltage redistribution (r,s 8) 
and 7,2 Tf 1) the equations from (12a) and (13a) are: 


Al 


Al, 


‘ 


where 
t T t 


Equations (24) and (25) agree with those produced by Rozenblat [5] if 
dynamic voltage redistribution is ignored, 
(13) and (18) to (21) also agree with 


In this case, equations (12), 


those produced in an earlier paper [4]*. 


Case 3. In the event of a purely active load (7, 2 7, © 0), 
equations (12a) and (13a) become 
(26) 


* An error was committed 
+k i. should be 


instead of Sa, 
quently, equation (11) in [4] should contain T, and not Tv. 


in the deduction of the formulae in [4]. Equation (6), 
=u (iw. Conse- 
r x u ec 
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These equations 


fier 1S operating W! 


cir 


are constant. Bu erate on 


linear parts 
uring the transient, 


substituted for the non-linear 


section can be solved separately. 
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llowing equations 
(30) and 
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Ollowing formulas 


for 
(30a) 
lk lxk ft l “o(fb) T 
lk 
) Ls 
l (TD) if lk (3la) 
where k refers to the lenetl [f the k-th section, 
We find from the cur < for 
gy * Av? Iw.) OY a graphical ‘ des ibed by Rozenbla Lo}. 
PANG the 10a irve [, = we + I,w, 
The lutions I equations 30a nd (3la are 
4 | By >) 
{ l (3 4 ) 
where 
r) 
t 
’ ind A F and / ire constants of the k-th section defined by the 
nitial or boundary ndi tions 
with externa] feedback and a control voltage connected are defined by 
the : 
l ix 
c ( 37 ) 
fb 4 : 
© 
it u / (38) 
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(39) 
7 b (fb) 


The boundary conditions on transition from the k-th to the ke] 


section are: 


(43) 


Conditions (36), (37), (40) and (41) are based on the assumption that 
sudden fluctuations cannot occur in electrical and magnetic energy. 
Conditions (38), (39), (40) and (43) are obtained from equations (2) to 
(5) and (15) to (17). 


Corresponding conditions for magnetic amplifiers without feedback 
can be obtained on the assumption that w,, = Oand Tf a = oO for the 
above expressions. 


We have considered transients in magnetic amplifiers with a control 
circuit connected, The results are also applicable if a sudden 1 
eccurs in the contro] voltage, or if the impedance of the contro] 


ncrease 


circuit is suddenly decreased, 


But it is quite a different picture if the contro] circuit is dis- 
connected, Let us consider this situation for a magnetic amplifier 
without feedback if there is no bias circuit. 

The alternating current will instantaneously drop to a value corres- 
ponding to the no load condition, whilst the load current will be main- 
tained by the inductive e.m.f. and decrease in accordance with an 
exponential law defined by the time constant of the load circuit: 
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The decrease in the load current as in equation (44) will continue 
until its instantaneous value is equal to the instantaneous value of 
the alternating current (the moment of coincidence depends on the 
initial moment of the transient), The transient phenomenon in the load 
circuit is then again governed by the law obtained earlier, 


10 15 sec 
(a) 


Fig. 4. The transient currents in a menetic 

amplifier without feedback having an RL load in 

the rectified current circuit with control vol- 
tage connected. 


The decrease in the load current as in equation (44) will continue 
until its instantaneous value is equa] to the instantaneous value of 
the alternating current (the moment of coincidence depends on the 
initial moment of the transient), The transient phenomenon in the load 


circuit is then again governed by the law obtained earlier. 


Hence, the transient in a magnetic amplifier without feedback or 
bias with an RL load in the rectified current circuit when the control 
circuit is disconnected takes place in two stages, Since the value of 
the load current in the second stage is very close to the steady state 
value, whilst the start of this stage is indeterminate, being dependent 
on the moment of disconnexion, it can be ignored in practical calcula- 
tions for the sake of simplicity. The transient load current from its 
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original value to the steady state value can then be approx imation by 
equation (44). 


The accuracy of this approximation has been checked by comparing 
theoretical and experimental data (Pigs. 4 to 6). 


1960 


transient currents in a magnetic 
external feedback and an RL load 
sd current circuit with control 
mnected 


0000 theoretical 


Fig.6 shows theoretic: and experimental] curves for 
load current of a magnetic amplifier without feedback or 


control circuit disconnected, 


Comparison of the theoretical experimental curves shows that 


proposed method is suffi iently accurate for practical purposes for 


phenomena under consideration, 


100 — 
(a 
P 
(b) 
Fig. 5. The 
amplifier wit | 
in the recti 
— experimental 
Fies. 4 and 5 show theoretical and experimental curv: for tl 
transient irrents if a trol voltage is suddenly ni ted The 
curves in Fig.4 refer to magnetic amplifiers with ut feedba havil i 
RL load in the rectified irrent circuit, Fig. 5 reters t 1 magneti 
: amplifier with externa] feedback, 
and 
bias and the 
aii 
transient 
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Fig. 6. The transient currents ina magnetic 
: amplifier without feedback having an RL load in 
in the rectified current circuit with discon- 


nected control voltage. 


Conc lus ions 


The indamental results produced in this paper can be extended to 
agnetic amplifiers when used in more involved circuits if the par- 
ticular features of the amplifiers are taken into account, 


Translated by 0O.M. Blunn 
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A NEW INSTRUMENT FOR INVESTIGATING SURGE 
PHENOMENA IN WINDINGS* 
SNOVGENOV 


S.A. SOKOLOVSKII and P.P. 
(Zaporozhe Transformer Works) 


(Received 9 April 1960) 


The development and improvement of high voltage transformers of great 
power requires further penetrating research into the propogation of 
surge in windings, A study of these phenomena, which arise during 
overvoltages of atmospheric origin will allow the “longtitudinal”’ 
(intertum?) insulation of the windings to be selected more correctly 
and the performance and reliability of transformers thus improved. 


These phenomena are now studied ty instruments called gradiento- 
graphs which consist of a cathode-ray oscillograph and a low voltage 
standard surge generator, The generator produces periodic surges at 
intervals of time sufficient to allow the disappearance of al] the 
effects of the previous surge in the winding. The sweep of the oscil- 
lograph is synchronized with the generator so that there is a constant 
picture of the surge phenomena on the screen, 


The advantage of this method of investigating transient overvol tages 
in windings compared with other methods is that the phenomena can be 
studied quite accurately and al] the overvol] tage conditions on the 
section of the winding under consideration can be measured. It is also 
the most economical in time. Gradientographs are simple to use, and 


there is no high voltage. 


Until recently the VEI model of the IPG-3 gradientograph has been 
employed for this purpose. But the IPG-3 no longer meets al] the 
requirements of research, 


Research into surge phenomena requires the gradientograph to 
produce not only standard impulses of 404 sec and a wavefront of 


* Elektrichestvo, 10, 56-59, 1960. 
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1.5 ps sec, but also those with a short wavefront of about 0.03 yz sec. 
A scanning speed of about 0.5 to 400 ys sec on the screen is required, 
But the IPG -3-type geradientograph only provides a wavefront of about 


0.15 ysec, and the scanning need on the screen does not exceed 2.54 
sec, 


The IPG-3 also has other disadvantages. There is no standardized 
d neither is there any damping resistance in the “cut-off” 


inductance an 
nditions equivalent to impulse tests on transformers 


loop so that co 
cannot be reproduced. 
that standard impulse cannot be guaranteed. 
intervals by a calibrated sine curve since they have to be 


The “front” capacitances and impedances are such 
It is difficult to deter- 


mine time 
photographed on tracing cloth. 


An amplifier is used in the IPG-3 for measuring smal] gradients. Its 


pass band is narrow and therefore unsuitable for taking measurements. 
960 
It has been necessary to develop a new and better gradientograph for 196% 


investigating surge phenomena in transformer windings. 


The IPT-1 type gradientograph shown in Fig. 1 was accordingly 
developed by P.P. Shovgenev and D.V. “inutinyi. It has been used at 
the Zaporozhe Transformer Works with success. 


The circuit and performance of the IPT-1 type 
gradientograph. 


The main circuit of the apparatus is shown in Fig.2. The apparatus 
consists of a synchronizing unit, a surge generator, a wave cut-off 


unit, a time scanning unit, a time marker unit and a supply tube unit. 


The apparatus works as follows. switching on, heating voltages 
are supplied to al] the valves and the synchronizing unit comes into 
operation, the purpose of which is to synchronize the scanning, time 
marker and surge generator units (in order to produce a steady picture 
on the screen). An intermediate relay (IR), which pre-heats the radio 
valves and tubes prior to switching on the high voltage, 15 incorporated 


in the high voltage circuits of the supply tube, scanning generator and 


surge generator units. 


unit T, emits 100 c/s synchronizing inm- 
the mains voltage. These impulses start 


The thyratron syncrhonizing 
pulse in each half period of 
the surge and scanning generators. 


The surge generator (thy ratron T.) 


operates at 50 c/s. This is 
achieved by leaving capacitor Cao uncharged in the negative hal f-period 


r 
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of the mains voltage (a half-period system of charging). The thyratron 
is fired the instant the synchronizing impulse arrives and capacitor 


is discharged via resistances v4 and T 49 from which the output 


The discharge time constant of the capacitor Cay is 
which affects the length of 
is made of the rC 


30 
surge is taken, 


regulated by varying the resistance r 49° 

the wave tail, To regulate the wave front, use 

circuit consisting o esis esr E r and capac s ( -( 
sisting of resistances 45 and 46° and capacitors 187 28° 


160 


Fig. 1. General view of the IPT-1 gradientograph. 
Resistances Tae, capacitances C,,-C and C 
is 45 46 48 an 49 and capacitances 18728 and 30 
are so adjusted that surge of the required characteristics can be 
produced at the output of the apparatus regardless of the type of high 
voltage transformer on test. 
To obtain the oscillatory wave necessary for transformer tests, an 
is connected inside the apparatus between the surge 


inductance coil L, 
The inductance of the coil] is varied 


generator and wave cut-off unit. 
to suit test requirements, 


The wave cut-off unit (thyratron T,) makes it possible to produce 
chopped waves of any required length, i.e. to ensure that the surges 


from the generator are cut-off at the specified time. This is done by 
regulating (by means of rheostat v 44) the rate of voltage increase 
across capacitor Cia up to the trigger voltage of the thyratron T,. 
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To regulate the first oscillation peak after the cut-off, the cut-off 
loop may contain an inductance L, and resistance r,,. The inclusion of 
these items creates conditions equivalent ot impulse test conditions, 
which makes it much easier to investigate transformers. 


If it is required to simulate the breakdown of the main insulation 
at any point of the transformer (i.e. to cut off the potential] at this 
point), the wave is taken from terminal K,, and terminal K, of the 

cut-off unit with its adjusting elements , and rs is connected to the 
necessary point of the transformer. 


The scanning unit (T,) operates in the “slave” state. Om arrival 
of the synchronizing impulse the thyratron fires and capacitors C, and 
C, discharge via one of the pairs of resistances ri-Tao° During this 
discharge the beam completes its forward movement and the retum move- 
ment is completed whilst charging. This scanning circuit produces a 
voltage that is symmetrica] relative to earth and ensures high scanning 
speeds with a relatively low rectifier voltage, The scanning unit 
operates on 100 c/s, and the pulse generator unit on 50 c/s, so that 
there is always a zero line on the screen of the cathode-ray tube. This 
facilitates observation and measurement of the surge phenomena, The 
speed of the scanning unit can be varied in eleven steps. This is 
useful since the scanning speed can be selected quickly if an over- 
voltage has to be re-measured, or the results of measurements have to 
be checked, 


The scanning impulse is also supplied to the cathode-ray tube 
modulator so that the beam appears during the forward scanning move. 
No separate unit is therefore required for “brightening” the beam. 


To shift the beam along the horizontal] axis the voltage from the 
rectifier of the scanning unit is used. No separate d.c. vol tage 
source is therefore required. 


The scanning unit also emits a negative impulse to the time marker 
unit (thyratron T, ). Valve T, is “on” until this impulse arrives and 
direct current is maine motets the connected oscillating circuit 
(one of the circuits, L,-c 45° L L 47 OF When the 
pulse arrives valve is aie to sinusoidal 
damping oscillations in the connected circuit ( ‘ringing” circuit). 
These oscillations are fed to the tube modulator and the brightness of 
the beam is modulated; time “marks’’ are then formed on the screen. 
The use of these marks allows exact and rapid determination of time 
intervals. 


To weaken a signa] to the required value, a capacitive voltage 
divider is connected to the input to the apparatus. This divider has 
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two positions giving a ratio of K, /K, = 1/2, The arms of the divider 


are balanced by trimmers and 
The apparatus allows the measurement of gradients of 5% of wave 


amplitude, Surge gradients can therefore be investigated in channels 
between winding coils without additional amplification. 


The use of a capacitive voltage divider is essential to accurate 
measurement of the amplitude of a square voltage surge with a time lag 
of up to 400 yw sec. 


A full-wave system of rectification with voltage doubling using 
is used in the supply tube unit (13 LO-37). 


kenotrons V, and } 
i 8 


The minimum number of units 15 used so that al] the voltages and 


even the anode voltage of the time marker unit may be obtained from the 
the supply circuits has 


same transformer. The rational] unification of 
ndary windings and eliminated the stray 


reduced the number of se 


(parasitic) phenomena .ssociated with the presence of steep- fronted 


of large amplitude. The time marker unit requires a considerable 


surges 
total power of 100 ¥ of the apparatus). The 


amount of power (30W for a 
i disconnexion of a winding of such power affects the 


connexion anda 
general operating con litions of the transformer. A separate transformer 


is therefore used to supply the 


anode circuit of the unit. 


These features of the systen together with the elimination of the 
to reduce the size of the IPT-1 con- 


amplifier have made it possible 
siderably. 


Main technical charact eristics 


1. The apparatus allows the investigation of surge phenomena in 


windings of any power and voltage; 


9 The apparat is pro juces 


a. ful] wave surges with a continuously variable wavefront of 0.08 


to 25 yw sec and a wave tail of 16 to 130 ye sec; 
b. oscillatory waves of the shape and duration used in impulse tests 
on windings; 


c. chopped full and oscillatory waves. The“chop” can be varied at 
any point of the surge. The peak valve of the first oscillation after 
the chop is continuously variable. The inductance in the cut-off loop 


can be varied in steps. 
overvoltage of 0.02 to 400 yz sec can be studied. 


3. The shape of an 


. 
- 
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4. The potential can be cut-off at any point of the transformer. The 
Same parameters can be varied in the cut-off loop as for chopped waves, 


5. Scanning can be adjusted to eleven speeds from 0.5 to 400 s& sec on 
the screen, 


6. The duration of the phenomena can be measured by four types of 
time marker (0.25, 1, 4.1 and 8.2 4 sec) to within &% accuracy. 


7. The vertical] deflection divider will change the voltage to be 
measured in the ratio K, IK, = 1/2. 


8. The input capacitance of the apparatus and the capacitance of the 
divider relative to earth are 7 and 10 pF respectively when the divider 
is in position K,, and 9 and 11 pF respectively when the divider is in 
posi tion K,. 


9. The dimensions of the apparatus are 555 x 400 x 235 m., 


Conc lusion 


The new apparatus for investigating surge phenomena in windings fully 
satisfies research requirements. It generates surges of al] the types 
required for investigating any high voltage winding. The scanning speed 
is such that transients can be studied with the required care, 


The IPT-1 type gradientograph is simple in design and easy to use. 
It has considerably widened the scope for impulse testing of windings 
of transformers, electrical] machines and other equipment. 


Cperating experience of the IPT-1 in the high voltage laboratory at 
the Zaporozhe Transformer Works has shown that it possesses high opera- 
ting qualities. 


Translated by 0O.M. Blunn 
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A NOVEL EXCITATION SYSTEM FOR THE 
COMPOLES OF D.C. MACHINES* 
0.G. VEGNER 
(Leningrad Branch of the VNIIE’M) 
(Received 11 April 1960) 


The usua] system of excitation for the campoles of d.c. machines has 


the following disadvantages: 1960 


1. The proportionality factor between the commtating field and the 
armature current is regulated ty varying the air gap under the shoes of 
the compoles, or by varying the thickness of non-magnetic shims between 
their cores and the magnet yoke. In both cases it is difficult to 
maintain the symmetry of the compoles, especially in large machines, It 
is also a rather complicated operation to vary the air gap. 


2. The constant ratio between the armature current and commutating 
field m.m.f. is not always adequate, especially in motors with a wide 
range of speeds and if considerable current overloads occur, when the 
saturation of the magnetic circuit of the compoles has an adverse 
effect. 


3. In the event of a sudden fluctuation in the load, changes in the 
commutation field lag behind changes in the armature current owing to 
the effect of eddy currents in the solid parts of the magnetic circuit, 
To eliminate this requires a more rapid increase in the m.m.f. of the 
excitation winding of the compoles than can be provided ty the usual 
system of series excitation. 


Let us examine the practical] importance of these shortcomings and 
the known methods of combatting them. 


It is quite often necessary to vary the gaps under the compoles of 
large d.c. machines. One reason for this is the difficulty in making 
a final adjustment of the poles in the factory prior to despatch owing 
to the short duration of the tests or the time allowed for finishing 
prototype machines. Another reason is the difference between condi- 
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tions on the test bed and in actual operation, Very large special 
machines are usually tested under short circuit conditions when it is 
even more difficult to adjust the compoles correctly. Mm the other 


if it is a question of a machine that has been in operation for a 


long period of time, it is sometimes necessary to adjust the compoles 


when the brushes are replaced or operating conditions are changed. 


Preliminary tests have to be carried out to determine the re yn of 


sparkless operation before the necessary gap under the compoles can be 


established. This requires special] equipment and wastes a considerable 


amount of time since the machine has to be shut down, This often leads 


to the machines being run for long periods with unsatisfactory commuta- 
tion, badly worn collectors and brushes etc. 


Certain foreign firms insert non-magnetic shims between the shoes of 


the min and the compoles and will even tolerate a complicated design 
in order to make it simpler to regulate the gaps under the compoles and 


by Fig.1 which shows the design of a compole of 


a d.c, machine of 7000 h.p, The magnetic gap is adjusted by replacing 
the shims between the core of the pole and the yoke, These shims are 
set in a special “pocket” and can be replaced without disturbing the 
system of securing the compoles, The commutation flux passes along a 
ugnetic circuit of small cross section and not along the main solid 


magnet yoke, This menetic circuit connects the cores of the main and 


poles. 


For variable speed machines the compoles have a relatively greater 


effect at higher than at lower speeds. This is due to the change in 


the inductance of the armature windings owing to the damping effect of 
rrents in the conductors, and the lower saturation of the 


t when the speed is changed by varying the excitati 


sa 


and its injurious effect cannot be eliminate in the 


ion, 


usual system of series excitation for the compoles. 


In the event of a sudden and considerable fluctuation in the load 


he 


there are two unfavourable factors at work, namely, the log in 


change in the commutating field behind the variation of armature cur- 


rent owing to the damping effect of eddy currents in the menetic 


circuit, and saturation of the individual parts of the magnetic cir- 


factor can be eliminated by using magnetic shunts, Dut it 
is difficult to set them correctly, Tests on certain machines have 


shown that the magnetic shunts do not always operate as required, To 
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function correctly, it is necessary that the time constant of the magnetic 
shunt winding is considerably greater than the time constant of the 
compole circuits, The use of magnetic shunts for adjusting the compole 
involves great inconvenience, even though it is an improvement on the 


method of adjusting the air gap. 


1960 


Pig. 1. The design of a compole of a 7000 h.p. 
motor made by Allis-Chalmers. 

1 -— solid yoke; 2 —-— magnetic circuit for con- 

ducting the flux of the auxiliary pole; 

3 - ‘pocket” for the shims; 4- core of con- 

pole; 5 — non-magnetic spacers between the 

shoes of the main and auxiliary poles. 


Therefore it is proposed to improve the excitation system for com- 
poles by using an additional excitation winding on the cores of the 
compoles. This is supplied from an 4c, network via a magnetic ampli- 
fier and a semiconductor rectifier bridge (Fig. 2). 


In the event of sudden changes in the load current, a transformer 
e.mf. is induced in the additional excitation winding. The latter can 
be designed for relatively low currents and should have a considerable 
number of turns. This e.mf, opposes the increase in current in the 
additional winding. But this constraint cannot be allowed, To com- 
pensate the transformer e.®. f. and force the change in the current in 
the additional winding, use is made of @ compensating transformer with 
an ‘‘opened’’ magnetic system. The dynamic properties of the compen- 
sating transformer should correspond to the dynamic properties of the 
magnetic circuit of the compoles. This is ensured by means of the 
variable damper winding in the compensating transformer. 


The magnetic amplifier has two contro] windings. One is series- 
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connected in the load current circuit of the machine whilst the other 
is in paralle] with the series winding via a variable semiconductor 
resistance, The circuit of the additional excitation winding of the 
compoles includes a contro] rheostat. Alternatively, both control 
windings can be connected in parallel with the series windings of the 
machine. The main control winding is then connected via the control 
rheostat whilst the auxiliary contro] winding is connected via the 
variable semiconductor resistance. If only the main contro] winding of 
the magnetic amplifier is used, a linear relationship can be produced 
between the load current and the current in the additional winding with 
a variable coefficient of proportionality between them, The effect of 
this is equivalent to altering the air gap under the compoles, 


CT 


Fig. 2. Automatic supply system for compoles. 
(Pw - compole winding; ACW - additional con- 
pole winding; CT - compensating transformer; 
NA — magnetic amplifier; Ch, and CW, - con- 
trol windings of the magnetic amplifier: 

VSP - variable semiconductor resistance. 


If both control] windings are used, the current in the additional] 
winding can be made to vary non-linearly. The desired shape can be 
imparted to this variation by means of the variable semiconductor 

resistance, 


Fig. 3 shows the current in the additional excitation winding of the 
compoles as a function of the load current of a 130 kW generator. By 

varying the parameters of the compensating transformer we can vary the 
extent of forcing in the additional winding under transient conditions, 


Fig. 4 shows oscillograms of the currents in the armature of the 
additional winding for different air gaps in the magnetic circuit of 


VSP 
> 
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the compensating transformer, With sufficient “forcing” we can con- 
siderably reduce the lag in the commutating flux behind the load current 
in machines with a solid magnet yoke. 


Fig. 3. The current in the additional compole 
winding «, ., asa function of armature cur- 
rent 
1 to 3 — when using one control] winding of the 

magnetic amplifier ' with different values 

of the variable resistance in the ACW circuit; 
4 to 6 - when using both control windings of 
the magnetic amplifier with different values of 


the semiconductor resistance in the C¥, circuit. 


The compoles are supplied automatically under this system, The 
variation of the equivalent supply current is governed by the law 


Al, 


where & and n are quantities which can be regulated, 


The proposed system may be further improved since it is possible to 
regulate & and n automatically by connecting the contro] winding of the 
magnetic amplifier to a brush spark detector, or by using the variation 
in the relationship between the transient voltages under the leading 


as 
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“ 
f 


A novel excitation system 529 


and trailing edges of the brushes when the commutation deteriorates, 


Automatic control for machines operating as generators and motors 
can be made with two magnetic amplifiers in a push-pull system If 
necessary, the auxiliary current can be automatically corrected as a 
function of armature voltage or speed, 


160 


Fig. 4. Oscillograms of the variation in the 
current in the armature of a generator under 
short circuit conditions (2, 4 and 6), and the 
variation of the current in the additional 
compole winding (1-5) with different airgaps 
in the magnetic circuit of the compensating 
transformer (curve 5 refers to the smallest 
gap). 


The automatic control can also be produced using dynamoelectric 
amplifiers for the supply and directly connecting them to the main ex- 
citation winding of the compoles. The control] can finally be produced 
in its simplest form, but with more restricted possibilities, by 
supplying the additional winding of the compoles via a variable resis- 
tance in parallel with the series windings of the machine, or in 
parallel] with a small ballast resistance. 


If it is borne in mind that the width of the sparkless black band 
measured by variation in compole excitation constitutes not more than 


£ 
= 4 
‘ 
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5% of the mmf. of the main excitation winding of the poles, There 
are no specia] difficulties involved in fitting such a winding on a 
machine, Neither should any difficulties arise in connexion with the 
assurance of a reliable a.c, network, since any fluctuation is not very 
serious as this is equivalent to a variation of the supply device, and 
not to a removal of all the excitation from the compoles, 


The proposed system has the specially important advantage that the 
compoles of a machine can be adjusted by a sparking detector whilst 
running. 


The system of automatic supply for compoles can be used for. 


1. Prototypes of large d.c, machines, especially with high armature 
voltages. The use of the improved system of excitation for the com 
poles considerably speeds up the adjustment of the commutation of 
machines and makes it unnecessary to use a supply machine with insula- 
tion of great electrical strength. It is known that even modern elec- 
trica] machine manufacturers avoid supplj.ing the compoles on test at 
the rated voltage of the machine, if over 500 to @0 V. At the same 
time, the main field can sometimes have a considerable effect on 
commutation, The use of the proposed system of excitation allows 
commutation to be adjusted at any rated armature voltage. 


2. Large d.c. machines, where it is difficult to make the final 


adjustment to commutation in the works’ test owing to the impossibility 
of reproducing actua] operating conditions, or because the amount of 
time allowed for testing is limited. 


3. Large d.c. machines that are in operation under rapidly fluctua- 
ting loads, 


Translated by O.M. Blunn 
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Cables 


Calculating the Cooling of a Cable after being over- 
heated by a Fault Current. S.M. Bragin, (pp. 65-67). 


The dissipation of heat from the cable after heating by a short 
circuit current is taken into account to define the temperature 


rise of the sheath and the temperature of the core shortly after 
cooling starts, 
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Control Systems 


The Type of Current for Remote and Automatic Control 


Systems for Underground Mechanisms. B.M. Stolbov, 
(pp. 23-27). 


The use of rectified current instead of ac. is advocated for 
remote control systems in collieries and other mining work. 


Poles and Zeros Analysis 


Analysis and Synthesis of Ladder Networks from the 


Zeros and Poles of their Input Impedances. Z.G. Kaganov, 
(pp. 41-47). 


The input impedance of networks is expressed by continuous frac- 


tions so as to define the resonant frequencies from the number of 
links and their parameters and vica versa, 


Power Systems 


Some Prospects for the Use of Computers in Power Systems. 
V.M. Sin’ kov, (pp. 7-12). 


Possible types of device for calculating the most economic 


ay 
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Abstracts 


operating conditions in power systems are discussed. This excludes 
devices for the primary contro] of the generating units, 


Fault Currents in Networks containing Autotransformers 
with voltage regulation Boosters. A.B. Chernin, 
(pp. 13-19). 


Symmetrical] omponent analysis for various faults wit! 
lifferent connexions of the autotra@sformer and booster transformer 
and booster transformer for voltage regu] ation, 


Determining the Optimum Power Factor for Industrial 
Installations, P.G. Grudinskii and L.V. Litwak, 
(pp. 20-22). 


A technical-economic method is proposed for defining the optimum 
power factor for industry. 1960 


ing Mills 


The Physical Principles of a Multi-motor Drive for con- 
tinuous sheet rolling Mills. N.N. Druzhinin, (pp. 


al investigation into the drive 
| are given, The resilience of the 
system is considered from the point of 


Synchronous Drives for Rolling Mills. V.I. Pleskow and 
G.G. Magazinnik, (pp. 31-34). 


Synchronous drives for ] ills can be safely 


cheaper basis with automatic f 1 excitation, 


Switchgear 


A Measuring Device for the Residual Current in Circuit 
Breakers. L.Z. idel’, (pp. 48-52). 


together witt 


r circuit and measures for suppressing 


The errors occurring in measuring the residua] current are studied 
the 
Os 


interference, illograms taken by the proposed measuring devic 
are shown, 
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Thermistors 


Correction of Thermistor Temperature Characteristics. 
G.K. Nechev, (pp. 62-65). 


Special systems of applying correcting resistors are mathematically 
analysed with a view to equating sensitivity, 


Transformers 


The Mechanical Work and Energy of the Armature Reaction 
of a Magneto. G.N. Senilov, (pp. 52-55). 


The mechanical] work of a magneto is shown to be equivalent to the 
energy by a graphical-analytical method, The 
proof is based on constant transformer f]ux., 
sidered later, 


electromagneti« 


Losses to be oon- 
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Transsission Lines 


Hardened Glass Line Suspension Insulators for Areas 


with Conducting Precipitations. N.A. Nikolaev et al., 
(p. 68). 


New PSG-45-type line suspension insulators with a leakage path of 
340 om, 
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CALCULATING COMPLICATED FAULTS 
USING THE RESULTS OF 
COMPUTATIONS OF 
SIMPLER SYSTEM CONDITIONS* 


G.G. KOSTANIAN 


(Thilisi Research Institute for 
Equipment and Hydro-electric Power) 


(Received 21 March 1960) 


General considerations 


Complex faults can be represented as the result of several] succes- 
sive asymmetrical] faults, Using this approach, we can calculate more 
complex asymmetrical conditions from several simple asymmetrical ones, 
This considerably simplifies the investigation, 


In this paper a general method of calculation is proposed which is 
applicable to every possible combination of complex asymmetrical] faults 
arising as a result of two asymmetrical faults with maximum asymmetry 
in branches & and n of a power system**, Branches & and vn can be any 
combination of single phase or two phase earth faults, or any combina- 
tion of open circuits in one or two phases if the other branches of the 
power system contain no sources of asymmetry. 


We use the following subscripts: *& andn refer to branches ek and r 
respectively, 1, 2 and 0 refer to the positive, negative and zero se- 


© Elektrichestvo, 11, 20-28, 1960. 
** The method can be extended to more complicated conditions with maximum 
asymmetry in three or more branches of the systen. 
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quences individually, i refers to the sequences together, and A, B and 
C refer to phases A, B and C respectively. 


Our analysis is based on the following propositions: 


1, Any combination of asymmetrical] conditions in any branch (e.g. 
branch k or n) can be represented as the result of the short circuit or 
open circuit of a single phase in the previous symmetrical] condition 
(with three phases open or short circuited as shown in Fig.1). In fact, 
by short circuiting one phase in circuits a and 6 (Fig. 1), we can 
obtain any combination of single phase short circuits or combinations 
of open circuits in two phases (the first kind of fault), whilst by 
opening one phase in circuits ¢ and d (Fig.1), we can obtain any com- 
bination of two phase short circuits and any combination of open 
circuits in one phase (the second kind of fault). 


These two types of fault exhaust all the possible combinations of 
asymmetrical faults in power systems, 


Using symmetrical component analysis, the point of the first type of 
fault can be represented by the arrangement in Fig.2(a), and the point 
of the second by that in Fig.2(b), U’ in Fig.2(a) is numerically equal 
to the voltage between the ends of the short circuited phase, and I’ in 
Fig.2(b) to the current of the open phase, The arrangement in Fig.2(b) 
differs from that normally used to determine symmetrical components of 
the second type of fault in that the networks of the individual 
sequences are connected in parallel whilst a current source is sub- 
stituted for the e.m.f. source, As a result of these changes, the 
network in Fig. 2(b) is converted into the dual network in Fig. 2(a), 
i.e, the laws governing the current variation in Fig, 2(a). The 
symmetrical components at the point of every possible combimation of 
individual asymmetrical fault can therefore be studied in two mutually- 


dual circuits, 


2. The original condition P,; with one asymmetrical fault in branch k 
and all three phases in branch n either short circuited or open defines 
the initial conditions for a subsequent complex fault conditions, 


Every possible combination of these initial conditions can be re- 
presented as four complex networks (Fig.3). The networks in Fig. 3 a) 
and (b) are the initial conditions of the first type of fault in branch 
k, whilst those in Fig.3(c) and (d) refer to the second type of fault 
in branch k. The networks in Fig.3(a) and (c) represent conditions 
with three phases open in branch an, and those in (b) and (d) refer to 
conditions with three phases short circuited in branch n. The short 
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circuited or open circuit conditions of branch a in FPig,3 represents 
the normal conditions corresponding to that shown in Fig, 1(a) and 
(d) , or a condition with three phases open (Fig. 1b), or short 
circuited (Fig. Ic). 


The complex positive sequence networks in Fig. (3) should correspond 
to the moment when an asymmetrical] fault occurs in branch a, i.e. they 
take into account changes® that take place between the occurrence of 
the fault in branch ek and its occurrence in branch na. 


(Cc) 


Pig. 1. The branches permitting the 
representation of every possible combina- 
tion of asymmetrical faults as a short 
circuit (a, b) or as an open circuit in 


one phase (c, 


The networks in Fig.3 only contain one asymmetrical] fault, The 
methods of determining these changes and the currents and voltages in 
branches & and vn are generally known and require no explanation, 


3. The combinations of complex faults which can occur in the com- 
plex condition P2 can be regarded as the result of a short circuit or 
open circuit of one phase in branch an in the networks of the initial 
condition P,. 


The transition from P, to P. via an intermediate-condition D is 
shown in Fig. 4(a) and (b) for a network with the same phase sequence; 
Fig. 4(a) shows the changes due to a short circuit on one phase, and 
Fig. 4(b) to an open circuit un one phase. The fourpoles for condition 
D in Fig.4 contain no internal e.m,f.’s and are passive in all three 


* In approximate calculations these variations in the impedance of the 
positive sequence networks can be determined ty theoretical curves, as 
proposed by Lek’ nikov and Satarov [1| for instance. 
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sequences, whilst the fourpoles in condition Py and Po are active in 
the positive sequence network and only passive in the negative and 
zero sequences, 


Pig. 2. Dual complex networks represen- 
ting every possible individual asymmet- 
rical fault. 


The passive fourpole elements of condition D in each phase sequence 
are no different than those of condition Py in the calculation of 
condition D, 


Using the principles laid down in previous papers [2,3], we can 
establish the relationships between the currents and e.m,f.’s in the 
branches of the passive fourpoles of condition D. These relationships 
are valid for any combination of faults in branches k and n. They can 
be represented in two main forms for each phase sequence: 


first form Z’ 


second form Y’ 
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‘and I’ are the voltage and current respectively in 
in branch an in condition Py (for the network 
in Fig.4 (a) I’ = 0, and for that in Fig. 4(b) 
U‘'=0). 


the e.m.f, and currents in branches na in the 
required condition Po; 


changes in the e.m.f, and currents in branches 
n and k represented ty condition D; 


the input impedances of branches n and eé in 
the condition when branches n and ek are open; 


the input conductivities in branches n and k 
(branches n and ek short circuited); 


coefficients establishing the link between the 
mutual and input conductivities of branches k 


Fig. 3. Complex networks defining the currents and 
voltages in condition 


The equations of forms Z‘ and Y are reciprocals and their weffi- 
cients are linked as follows |3): 


YZ, (1 


4. The relationships between the various qurrent and wltage com- 
ponents at the fault point are established ty well known boundary 
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conditions*® as a function of the type of fault in branches & and n. 
These conditions also govem the components z. and E., shown in Fig.4 
and also 


(6) 


=f, —E,. 


(7) 


i.e. the components of condition D in branch k and state Py in branch 


"state, 


A 


Pstate D 


Pstate 


n 
: An’ 
al 
E=é, = 


Pstate 


Pstates 


Fig. 4. Transition from Py to Py for each phase sequence 
in the presence of type 1 faults (a) and type 2 faults 
in branch 


5. To restrict the number of combinations with different faulted 
phases in branches k and n, we assume that all the faults are caused 
ty a short circuit or interruption in phase A of branch ke and any 
phase A, B, or C of branch n. The short-circuited or open phase of a 
branch is known as the special phase®*, 


6. Having defined the components of each sequence in condition D 
with the known components of the initial conditions, we can find*** the 
components in the complex condition, P.. 


* See, for example, the equations on page 10 in [4). 

** Even though the two other phases of the faulted branch are rarely under 
identical conditions, which distinguishes a complex fault from a simple 
fault. 

***This was proposed by Chernin [5] for special combination of a complex fault. 
It allows a considerable amount of calculation to be carried out on a d.c. 
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Such a method makes it possible to take into account the changes 
brought about tw each successive fault in the passive networks of each 
sequence in state D. This allows the continued calculations of con- 
ditions Py regardless of simultaneous asymmetry at two points in the 
system, as recommended elsewhere fe, 6. 7% 8). 


The current and e.a.f. components of branches 
k and n 


Using the foregoing initial condition, we obtain twelve equations for 
any combination of faults in branches @¢ anda with twelve unknowns, and 
determine the six required current components and six required vol tage 
components (three in each branch), An example of a combination re- 
presenting an earth fault in phase A in branch & and in phase B in 
branch a wil] show this. For this combination we have from the boundary 
conditions of the fault: 


2 
T @ 


b==a*a,Z,, + 4a2,Z,, + 2,2 


ai 


Since §,Z',==2,Z,,, in each phase sequence, we find that 


1960 


= 
AE SE. + AL, =0; 
| 
+al,+£,,= 
Solving 8 jointly with 1 and 2, we get: 
al 
where 
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Putting 


(10) 


Components Af, and &, can be found ty substituting 9 and 10 into 1 
and 2. This defines the twelve unknowns, 


The final values of the components of branch & in state Po are 
determined for each sequence network in accordance with 6 and 7. Like- 
wise we can solve the corresponding equations for every other combina- 
tion of asymmetrical] faults in two branches. Table 1 shows the results 
of these equations for every possible combination of asymmetrical] faults 
in two branches determining the zero current or e.m.f. components in 
branch an. Using Table 1 and the boundary conditions defined by the 
type of fault in branch »n we can pass on to the corresponding compo- 
nents of any phase sequence, This makes it possible to find the current 
in the short circuited phase and the voltage in the open phase. 


The foregoing method can also be extended to the transition from an 
asymmetrical fault in two branches to an asymmetrical fault in several 
branches. It is possible to pass successively from a condition defined 
ty two faults to one defined tly three faults and so on, With a faults 
the fourpoles (Figs. 3 and 4) become 2e-poles in the last (a-1) tran- 
sition. In accordance with the principles laid down by Adonts (8), we 
can derive 3a equations similar to equations 1 to 4 for these 2a-poles; 
in addition, the boundary conditions of the « faults produce 3a equa- 
tions. Thus, for any number of faults a, we can derive 6s equations 
which define the 6e required components (3e current components and 3s 
voltage components). 


All the combinations in Table 1 are subdivided into four groups. ‘The 
solutions for groups I and III are dual to the solutions for groups II 
and IV, 


Fach group in Table 1 contains four different combinations as 4 
function of the type of fault in branches & and n (two combinations for 
short circuits and two combinations for interruptions), Each of the 
sixteen combinations contains three different combinations as a function 
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of whether A, B or C is the special phase in branch an if A is the 

special phase in branch k. Thus, the solutions in Table 1 for groups 
I to IV relate to 48 combinations with simu] taneous limiting asymmetry 
in branches ke and an. 


In the general case of a complex fault, the values of ie and i. 
appearing in Table 1 are defined by the following three parameters: 


1, The voltage U’ and current I’, depending on the effective e.m.f 
in the network, as defined by condition P,. Here U’ is the voltage 
between the ends of the short circuited phase in branch n (it can be 
measured in the networks in Fig. la and b, or Fig.3 a and c), whilst a 
is the current in the broken phase n which can be measured in the 
networks in Fig.1(c) and (d) or Fig. 3(b) and (d),. 


2. The impedances and conductivities Z,., Z,., o@ 
(independent of the e.m.f.) can be defined on the assumption that there 
is no asymmetrical fau]t in branch e: a r. refer to three open 
phases in branch k; Z. and Y, to three short circuited phases in 
branch k. 


3. Coefficients (independent of the e.m.f.) having the dimension of 
impedance A) ana or conductance § ana depending 
on the combinations of complex faults. 


If A= 0 and §= 0, the expressions in Table 1 become the familiar 
expressions generally used for calculating individual asymmetrical 
fau] ts. 


The values of the coefficients in Table 1 are shown in Table 2, 


Ry investigating the physical sense of coefficients that are indepen- 
dent of the e.mf., we see that J and § correct the quantities | 

Y., and Y,, and take into account changes due to the various 
combinations of asymmetrica] faults in branch k, The short circuit of 
one phase in branch k alters the impedance or conductance in branch n 
by 4‘) or § 2), whereas an open phase causes a change of AG.) or 
Therefore 


represent the impedance or conductance of branch n in a single phase- 
sequence network with a simultaneous asymmetrical fault in branches n 
and k. In the general case they contain components of all three 

sequences and thus take into account the mutual link between networks 
of individua] sequences for the various combinations of asymmetrical 
faults in branches n and be. 


It is characteristic that the expressions determining the coefficients 
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A and Scontain no operator e = 21120 or g2 = -/249 as is typical of 
other methods of calculating combinations of complex faults with 
different special phases in branches k andn. Consequently, if only 
the inductive reactance is taken into account (as 15 frequently the 
case when calculating short circuits), phases Iho and Ene are indepen- 
dent of the coefficients Z,., Z,.5 Y., 4 and 6 are solely 
defined ty the phases U‘ and I’. : 


It is obvious that the coefficients Z,,,Z ., Y and Y,. can either 
be measured on single phase a.c, network analysers or on d.c. analysers, 
either for individual sequence networks, or for complex networks at the 
point of fault in branch vn (e.g. in the networks shown in Fig.5 for 
4 =0 and §=0). The coefficients 4 and § can be determined on the 
same analysers. It is then more convenient to use the complex networks 
shown in Fig.3, with the exception ol the positive sequence network for 
the generator e.m.f,, provided an e.m.f. or current source is included 
at the point of fault as shown in Fig.6. Measuring the currents and 
vol tages in Fig.6, and using the expressions in column 5 in Table 3 we 
can determine the coefficients A and § for any complex fault combina- 
tion, 


The data of Tables 1 to 3 in conjunction with complex equivalent 
networks considerably simplify the calculation of complex faults. 


Complex equivalent networks 


The solutions contained in Table 1 can be represented ty the complex 
networks for individual asymmetrical] faults, but they differ in that 
they contain additional impedances A and conductances 5 and are only 
suitable for calculating the components of one phase sequence in a 
branch with only one fault. They are unsuitable for directly cal]cula- 


ting the components of all the branches in the system, 


In these networks the branch k can be either open or short circuited, 
i.e. with three open or short circuited phases. In fact. one phase in 
branch & is in special] conditions (short circuited with two open phases, 
or open with two short circuited phases), This is a source of asym- 
metry. Its effect is taken into account in Fig. 5 by impedance Aor 
conductance 8. 


In conformity with the subdivision of the combinations into four 
groups in Table 1, the complex network representing group I is shown 
in Fig. 5(a), group II in (b), III in (c) and IV in (d). Fig. 5(a) and 
(c) contain e.m.f, sources vu‘, and (b) and (d) current sources i 
These are the same values of U‘ and I‘ as in Tables 1 and 2, 
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Calculating complicated faults 


The circuits in Fig. 5 can be represented as complex circuits of 
individual asymmetrical faults (if 4 = 0 and §=0), but we must sub- 
stitute the voltage U" for U’ in Figs. 5(a) and (c), and J” for I’ in 
Figs. 5(b) and (d). The values of U’’and J’ are shown in column 3 
Table (3). This substitution of U” for U’ and I” for I” maintains the 
current I’constant in Fig. 5(a) and (c) and the voltage E,9 constant in 
(b) and (d). 


—— 
9) 


Fig. 5. Complex networks for the current or e.m. f. 
components at the point of a No. 2 type asymmetrical 
fault in branch n. 

The complex networks in Fig, 5 make it possible to find or 
for any of the 48 combinations of faults in any two branches of a three 
phase system At the same time, the relationships defined by the 
boundary conditions of the faults in branch n make it possible to pass 
from values of Ino or to values of » OF via opera- 
tor a or a* without having to make any caloalations. This defines all 
the current or e.m f. components at the point of the second fault in 


branch na. 


The current or e.m.f. components at the point of the first fault in 
branch & can be defined in a similar way on the assumption that the 
fault occurred first in branch n and subsequently in branch ke, i.e. if 
we substitute the values relating to branch é& for the quantities 
relating to branch n in the circuits and foregoing expressions. But 
this method of defining the components in branch & involves unnecessary 
work since no use is made of the values of = or (E,,) as al ready 
calculated, Instead, ty using these values of I,, (OF E,.), we can 
find 41,, or from the networks in Pig.6 if £, = O and J, = 0, 
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since Af. A/, in the first 


type of fault in branch é&, and 
Al +AE SE 


for the second type of fault in branch &. Each component marked with 
an apostrophe originates from the corresponding component I, or E. and 
either coincides in phase with the other components (“special” phases 
the same in branches & anda), or else is shifted ly « or a? relative 
to them (“special” phases different in branches & anda), Therefore, 
if we put the components a or c. alternately in branch a in the cir- 
cuits of FPig.6, and alternately measure A/., A/ A/ 

A/ in three ways in these networks, we can find their sum 

and then/ — or E, AE, (as shown 

example in Fig.7). 


Pig. 5. Complex networks for calculating the coeffi- 
ents 4 and 5 in accordance with the expressions in 
Table 3 


Knowing the values of / (or F 
nt mi 


id (0 
find the current distribution in conditions D in the branches ofa 


network with any phase sequence, The currents thus found, if super- 


posed on the currents of condition Py. lefine the final currents of 
the required condition P. for any phase sequence network. 


The qurrents the branches of the circuit in condition D are 
letermined ty int icing each phase sequence of the corresponding 


ces into ie branches n and these sources establishing 


and r JE, . 


in the form of two components, 
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components, containing no operator e (coinciding in phase with I; or 
Ey). and components that do contain operator a. 


The currents in the branches of the network can be calculated from 
either of these components. This makes it possible to measure them on 
a single phase a.c. or d.c. analyser. This method of calculation thus 
enables us to analyse not only the components in the fault branches eé 
and n, but also those in any branch of the system, Compared with 
other simple analogue methods of calqlation, e.g. that proposed in an 
earlier paper [2], this new method saves the time involved in dividing 
complex numbers and solving sets of equations in order to convert the 
networks so as to substitute current sources for e.m,f, sources. 


Example 


Let us consider an example of the claculation of a special combina- 
tion of a complex fault with different “special” phases in branches k 
and n on ad.c. analyser and without it. 


It is pre-supposed that it is required to calculate an earth fault 
in phase B of branch & and in phase C of branch n. Instead of this 
combination it is convenient to perform the calculation by convention- 
ally orienting the calculations to the special phase A in branch k, in 


other words, perform the calculation as for a combination of an earth 
fault in phase A of branch ek and in phase 8 of branch n. The change- 
over from this calculation to the original calculation is made by 
shifting the positive sequence components ly a” and the negative 
sequence components by a. To simplify the calculation and its nota- 
tion, it is presupposed that the fault in branch ek occurs at the same 
time as that in branch n and that only reactances are taken into 
account, whilst these are conventionally replaced ty resistances in 
order to ignore the 90° shift between the e.m.f. and the current of 


this e.m. f, 


Calculation on a d.c. analyser 


Fig. 7 (a, b, c and d) illustrates the calculations performed on a 
d.c. analyser, The complex analyser network in Fig, 7(a) represents 
the initia] condition P.. From this we can find the voltage in phase 
B for branch n: 


+ aU, +4 


whilst the current in branch k is I, = 0.5 a. 
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By omitting the generator: e.m,f, from the network in Fig. 7(a), and 
maintaining the current I, ty means of the e.m.f, source U, we geta 
network in Fig, 7(b) which makes it possible to measure Uy. Us and Up 
and calculate the coefficient 4 ‘Vin accordance with the expressions 
in column 5 of Table 3. In fact, using the measurements in the net- 
work in Fig, 5(b), we get: Uy = 0.3125; U? = 0,0975 and U2 = 0.0351. 
Hence 4 1) -0,0075. 


7(c), we 


By converting the network in Fig. 7(b) into that in Fig. 


, p Uz,. 
are able to measure z,. = 7 1.4 Qand determine U” 


t+ 


ne 


= 2.2 a’, Changing UV. in the network in Fig. 7(c) ty U”, we can 
measure To @ 1.56 a“ and, using the boundary conditions of the fault 
under consideration, we come to the values Tn) = 1.56 and I,2 = 1.56 a. 


Putting and into the network in Fig. 7(d) (which 
coincides with that in Fig. 7b, if U = 0), we can measure all three 
components 41, namely, Ij, = 0.098, = 0.196 «, = 0.196 7. 
Hence 4, = 0,098 and I,, = 0.598. 


This defines the current components in the faulted branches k& and n. 
The components in the other branches of each phase sequence can be 
found from the network in Fig. 7(d) by superposition of the currents I, 
(with a break in the circuit l - 1° and the introduction of a current 
source I, at the point of break) or the currents Tie I, and Tg with 
a break in circuit 1 - 1’). It then only remains to pass from the 
values thus found to the corresponding origina] values of the compo- 
nents in the combination in question and to take into account the 90° 
shift in the current relative to the e.mf., i.e. to shift the e.m, f. 
120° and the current 30°. All the vectors will then be oriented 
relative to the e.m.f. of phase A. 


Similarly we can measure the currents or voltages for any other two 
combinations of the complex fault under consideration. 


The calculation without a network analyser 


We shall give the solution of the same problem using the results 
obtained from the simplest type of asymmetrical] fault. These results 
can either be taken from calculations already performed in power sys- 
tems, or those performed by ordinary methods which require no explana- 


tion, 


The necessary data are obtained from (1) the quantities shown in 
Fig. 7(a), (2) = 0,343, 0.686 and = 0.375 as in Fig. 7(c), 


L 
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(3) the voltage of phase A y{?) = 1,875 in branch an in the presence of 
a three phase short circuit in branch k and three open phases in branch 


U;=206 U,=-ON2S U,=-0,125 


Cz, = } q 
— 
U=a4U, +ad, +U, =a* 2,185 Us =U,+U, +U, 0,312§ 


f 


Pig. 7. Example of the calculation of an asymmetrical 
fault combination on a d.c. network analyser. 


The calculation is performed in the following order, 


Using the data in Fig. 7(a) and the values y(?), we find all] the 
coefficients® in Table 1 in accordance with Table 2: 


2,06 R75 


Ry further calculations, we find 


(1) the current components in branch an: 


2,185 a? 


1,404 0.0075 


1,56 a* 


(2) the chang in the current components of branch k in accordance 


° The e.n. a ‘of the generators has to be omitted from the positive sequence 
network in Pig. 6(a) to find ay: 


n. 
Q 5 
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| (b) 7 
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A | k 
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cel (c) 41, =0,098, (d) 
U =a‘*22 2* 1,56 
U,io 
0,625; n,, = 0,185; = 2; 2,185-a*. 
A 0,0075 
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with (10): 


0,125- 1,56 0.098 
= }? 
Al po Al po ) 
(3) the change in the voltage components of branch k in accordance 


with (2): 


0,24; = —0,39a — 0,098; 


SE wo 0 ,39a? — 0,049; 


(4) the total current and voltage components of branch e in 
accordance with (6) and (7): 
=! 0,54 0,098 = 0,598; 
Ey, =9,51; Egy 0,6—0,39a; E, 0,3— 0,39a? 
This completes the calculation of the current and voltage components 
of branches ek and an. 


This method of calculation involves no conversions and is therefore 
independent of the complexity of the network, 


Conclusions 


1, Complex asymmetrical faults can be calculated ty the successive 
transition from simple to more complex asymmetrical conditions. This 
paper shows that such a transition is possible from individual asym- 
metrical faults to a complex fault when asymmetry is simul] taneously 
present in two branches of a three phase circuit. 


2. The current (or e.m.f. components can be determined in accordance 
with the expressions given in Table 1 for any possible combination of 
faults in two branches of a three phase circuit by the conditions of a 
single asymmetrical fault, 


3. The complex networks described in this paper can be produced for 
any possible combination of faults with maximum asymmetry in two 
branches of a three phase circuit, These networks contain no phase- 
rotating transformers. Practically all the computations involved in the 
calculation of a complex fault can be carried out on a single phase 
network analyser (and on a d.c, analyser if the inductive reactances 
are taken into account), 


Translated by 0O.M. Blunn 
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A CORELESS TOROIDAL REACTOR FOR 
POWER SYSTEMS* 


L.V. LEITES 
(Kuibishev Electrical Works, Moscow) 
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High voltage power reactors are acquiring ever increasing importance 
owing to the greater voltage and output of power systems, Use is made 
of shunting reactors in long distance transmission lines of 220 kV and 
above in order to compensate the changing MVA power of the lines, They 
usually incorporate a steel core. High-power transmission systems 
often require the installation of current-limiting reactors. Such 
reactors do not as a rule have a ferro-magetic core, Widespread use 


is made of dry concrete current-limiting reactors, put their field of 
application is restricted to comparatively low voltages, At large 
outputs and high voltages use is made of oil-tank current-limiting 
reactors with a cylindrical coreless winding (Pig.1). To reduce losses 
due to eddy currents in the tank and its component parts, use has to be 
made of copper or aluminium electromagetic screens in these reactors. 


The main disadvantages of such reactors are the extra cost of copper 
or aluminium for the screens and the comparatively high additional 
losses, 


The relationships between the winding dimensions of oi]-tank 
reactors are rarely the same as the optimum relationships between the 
dimensions of unscreened coreless coils. A coil of optimum size should 
be comparatively large in diameter and have a smal] radial dimension. 
In this case the weight of the coil and its losses will be at a 
minimum, But the additional losses in the winding, the weight of the 
screens, the losses in the screens, the size of the tank, and the 
reduction in inductance owing to the effect of the screens will be 


* Elektrichestvo, 11, 76-81, 1960. 
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extremely large. Therefore the diameter and axial dimension of the 
windine are usually increased and the radial dimension reduced, This 
involves using considerat le quantities of copper, and the losses in 
reactors are greater than with coils of optimum size, 


1960 


Pig. 1. ‘The coreless oil-tank reactor 
- winding: 2- tank; 3- electromametic 
scre@s 


The extra 
of such reactors. 


The development 
of reactors, 
ty installing several 
justified economical ly 


mo! economic to instal! 


total output and Wus save uterial and red losses. We shall study 


the dimensions, weight 


of its power, 


Dimensions 


If the dimensions of a reactor winding are reduced ty a factor of l, 
whilst the current density and content (space factor) of the winding 
section are constant, 


1*, inductance 


ure only proportional 


of copper varies in 
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proportion to output ty a factor of + . For example, if the increase 


in output per unit is doubled, the consumption of materials is only 
increased by 52 per cent. ‘The losses of the reactor also vary 
similarly. Fig. 2 shows the specific consumption of conductor material 
and the losses of the proposed toroidal reactor as a function of out- 
put, In conventional steel-core transformers, the consumption of 
copper and the losses are 75 per cent proportional to output, 


With fixed dimensions, the output of a reactor is proportiona! 
the square of the current density, tut not “primarily” as in trans 
formers. At a given output and a similar change in dimensions, the 


losses are proportional to ! 2. i.e. they are - > proportional to 


weight, and not - + as in transformers, 


At a given output and losses, a change in the conductivity of the 
winding material ty a factor Y and in density by a factor d causes a 


7 « + change of | and a¥— d change of weight, Consequently, 4 


changeover from copper to aluminium reduces the weight of the conduc- 
tors ty a factor of 1.58. 


As can be seen, the advantage of using coreless reactors increase 
with increasing output, ut the output of a reactor of the coil type 
with screens is limited. It is therefore advisable to use the 
toroidal coreless reactor shown in Pig.3, which is free of the stated 
shortcomings. Owing to circular symmetry, it has practically no 
external magnetic field and therefore requires no screening; the 
reactor winding can be developed on any number of coil groups, connec- 
ted in parallel or in series. This makes it possible to desig the 
reactor for large currents and voltages without increasing the number 
of parallel conductors in the disk coils. The coreless toroidal 
reactor involves no technological problems such as occur in the manu- 
facture of windings for toroidal transformers and reactors with a 
closed annular magetic circuit, 


The question of additional losses is very important, more 
particularly with increasing output of the reactor, If the dimensions 
of the conductor strip were increased in proportion to the rest of the 
dimensians of the conductor, the specific additional losses would vary 
in proportion to the square of the induction and the square of the 
conductor dimensions, i.e. they wuld be proportional to 14, and the 
total additional losses would vary in proportion to 17, But a smaller 
conductor strip can be used in the toroidal reactor without increasing 
the number of parallel conductors in the coil. A considerable role is 
played in other types of reactor ly the additional losses and mechani- 
cal forces of the transverse component of the magetic field. 
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The winding of a toroidal] reactor consists of a large number of 
single or double disk coils (Fig.3) of circular, rectangular or oval 
shape, They are secured ty wedges, spacers and other insulating com- 
ponents of special shape. 


a 


neter/ MVA 


— ' 


Amount of conductor material, 


2° 


Losses, kW/MVA 


Ss 


0 30 4050 
Phase output, MVA 


Pig. 2. Losses (1), weight of copper (2) 

and aluminium (3) as a function of the 

output of a toroidal reactor: 1 — losses; 

2 — winding of copper conductor; 3 — wind- 
ing of aluminium condictor. 


To ensure that the voltage between adjacent coils nowhere exceeds 
the value across the single or double disk coils, it is necessary for 
one half of the reactor winding to be wound “left-handed’’, and the 
other half “right-handed”, The two halves must be connected together 
in parallel (Fig. 4). 


Design of the toroidal reactor 


The preliminary approximate calqlations involved in desiging a 
toroidal reactor are more or less the same as for high-power transfor- 
mers and reactors. The final electromagetic calculation is slightly 
more complicated, It is however difficult to regulate the inductance 
of a finished toroidal] reactor and it is therefore necessary to desig 
it with the greatest possible accuracy, 


If there are a large number of coils we can ignore the non-uniformity 
of the magnetic field around the circumference due to the reactor 
being composed of discrete disk coils, We can therefore assume that 
the m.m.f. is wmiformly distributed round the circumference of the 


| 
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toroid, We also igore the distortion of the magnetic field due to 

eddy currents in the winding conductors, All the lines of force of the 
magnetic field are then concentric circles, whilst the induction of the 
magnetic field only has a tangential component®: 


The distribution of the induction across the width of the reactor 
winding is shown in Fig. 5(a), 


WE 


Pig. 3. Arrangement of the toroidal reactor. 


Given the induction we can calculate the additional losses due to 
eddy currents in the conductors of the winding and the electrodynamic 


r 


forces at any point [1): 


See also Fig. 5(b). _ 


* Symbols listed at the end of the paper. 
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Formulae are derived below for the case of oval coils. The shape of 


coil is shown in Fig. 5(b). ‘The inductance of the reactor in terms of 
the energy of the magetic field is: 


L=— B* dV. 


Right winding 


Pig. 4. Arrangement of the winding coils of a current- 
limiting toroidal reactor (rated current 1350A, voltage 
110 kV, inductance 154). 


Using equation 1, and since dV = 2 aprdS, we get: 


(4) 


The reactor winding has to be divided into several] parts. (Fig. 5b), 
Performing integration ty parts, we get, 
L =L, L, T L, 


The formulae are known [2 for parts 1 and 2 where w/a 


Rayt+ R, 


R, 


ow? 
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r—(Rey— R;) 


a 


dS =hdr; 


—R, 


av. 


dr. 


r 


Pig. 5. Reactor desig: 
a — induction across section ! -1; b — division into 
parts. 


After integration and substitution of the limits, we get: 


—R, ‘Ray—R, Ray 
a 


\ 
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Likewise, 


—R 
R, 
To calculate Le it is convenient to introduce the polar co-ordinates 


(Pig. 5b): 


r= Rat 9 COS 


R,A,) — 


arc sin . 


av "ay 


arc sin 


Formula (10) is quite cumbersome, It is therefore convenient for 
preliminary calculations to use a simplified formla, derived on the 
assumption that the induction varies linearly as a function of (Ry - p) 
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with a constant co-ordinate ¢: 


“= 


(12) 


When calculating the mean additional losses, we replace the total 
losses within the limits of the conductors (tums) lw integration over 
the width of the coil, since the width of the coil is many times 
greater than the thickness of the conductor, Parts 3 and 4 can be 
calculated by quite exact formulae similar to those used in transformer 
design: 


(13) 


ssav~ Dig 
R 


For part 5, on the same assumptions as for the derivation of formula 
ll, we get: 


« 
ava(k,+ Ryn 


Rey 3Rgy/ 


“2(2R, + a) 


The total electrodynamic forces acting upon parts 3 and 4 of the 
winding can be estimated by formulae similar to those used in trans- 
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former design: 


B 
dF, = - av. 
} 
— 


av 


The shape of the curved (face) parts 
of the coils 


The load of the electrodynamic forces on the curved parts of the 
coils is not at all uniformly distributed. Consequently, if their 
curvature is constant (Pig. 55), then not only tensile but also bending 
stresses will occur, But the curved parts can be made in such a way 
that there are no bending stresses. 


The specific load q om 4& given middle tum normal to it is inversely 
proportional at each point to the distance hetween this point and the 
axis of the toroid. For zero bending stress, the tensile force Fe ens 
should be constant over the length of the tum and related to the 
radius of curvature pas follows: P * const. Consequently, 
the radius of curvature should vary in proportion to the distance from 
the axis of the toroid (Pig. 6): 


(17) 


Analytically, the shape of the curved parts of the turn is defined 
in Cartesian co-ordinates ty the equation: 


i] 
tens 
dy 
with the boundary conditions scoifr= ry and r = ro: 
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There is a simple “step ty step” graphical solution for this 
equation, using a pair of compasses, in which the required aurve is 
plotted in accordance with 17, ‘The value of Pp, is made such that the 
end of the curve coincides with the external straight line section of 

dy 
the curve (z— ©0 if r = r,). This value is found comparatively easily 
r ~ 


ty two or three successive approximations, 
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Optimum shape of the curved parts 
of the reactor coils. 


Axis of 
toroid 


Fig. 7. The winding of a 110 kV current- 
limiting reactor for 1350A with 1% reac- 
tance. Dimensions in m. 


Fig. 7 shows the optimum shape of a coil for current-limiting 


reactors (see example), The tensile stresses in the winding conduc- 
9 

tors are 140 kg/cm* or less, This permits aluminium conductors to be 

used, 


This shape cannot be rigorously maintained for al] the curved parts 
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simultaneously on all turns of the coil, since the radii of curvature 
of the various tums are different ty a constant quantity, Slight 
bending stresses are therefore set up in the winding Such stresses 
are at a minimum if the tums conform to equation (17) at a distance of 
0.3 to 0.4 a from the internal edge of the coil. 


A coil having curved parts of variable curvature has a relatively 
shorter straight external section, The clamping of the windings is 
therefore facilitated, One drawback of this desig is the slightly 
more complicated shape of the winding In addition the electromametic 
calculation has to be performed ty numerical integration. 


Conclusion 


For high output current-limiting reactors, the use of a toroidal 
design instead of a coil type desig with screens results in a con- 
siderable saving in capital outlay, reduces losses and the consumption 
of non-ferrous metal, Thus, a 12.9 MVA toroidal reactor requires no 
copper for the winding (a saving of 4.5 tonnes of copper) and reduces 
losses by 20 per cent (35 kW) for a slightly larger consumption of 
aluminium, 


Example 


The characteristics of an oil-tank current-limiting reactor are: 
voltage 110 kV, rated current 1350 A, “reactance” 15%, frequency 50 c/s, 
peak short circuit current in a system of unlimited power 1350 x 


x fa 2% 1.95 = 24.8 kA, The voltage across the reactor under rated 


conditions is 110 x0,15/} 3— 9,54kV; output is 8.54 x 1350 = 12,900 
kVA, ‘The inductance of the reactor L = 22.5 mH 


We have performed these calculations on several models, Using these 
we can select the current density, the dimensions of the winding and 
conductor, and the number of tums, ‘The penultimate approximation is 
determined by exact formulae, The theoretical inductance can be 
adjusted to the required value ty a smal] change in the dimension A. 
Only the final calculation is given below, 


We first have to consider a reactor having coils of the shape shown 
in Fig, 5(b). Use is made of an APB-type conductor 2,44 x 14, 5/3.79 x 
x 15.85 mm and 34,9 mm* in section. ‘he coil consists of 61 tums, 
The radia] dimension of the coil a = 240 mm, ‘The arrangement of the 
single disk coils is shown in Fig.4. Six groups of nine parallel- 
connected coils are connected in series in each turn, The total] number 
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A coreless toroidal reactor 567 


of tums ws = 366, There are 18 parallel] conductors and an = 108 coils, 


The minimum distance between adjacent coils (at the opening of the 
toroid r =R - R,) to 6 mm, whilst that between group is 24 mm, The 
control opening is 820 mm in diameter, 

Winding dimensions: Ry = 240 mm; Ry = 480 mm; Ray = 890 mm, and 
h = 553 mm, Average length of a tum is 3.46 m ‘The weight of 
aluminium in the winding is 2140 kz 


Inductance from formulae 6 to 9 and lI: Ly = 8.85 mH, Ly = 5.53 mH, 
Ls = 2.18 mH, L, = 1,12 mH, Ls # 4,82 and L = 22,5 mH, 


Induction Bay = 1570 G. Maximum induction (o part 3 at the point 
r - R,) is 2150 G, 


Current density is 2,15 A/mm2, and specific basic losses 60 W/kg. 
The greatest additional losses from formula 2 are 12,2 W/ke 


Mean specific additional losses from formulae (13) and (14): 
Ped.3 av Pea av = 1+ 16 W/ke, and Pog 5 gy = 2-2 W/kg. 
Mean additional losses over the winding are 2.52 W/kg, i.e. 42% of 
basic losses, Total reactor losses are 134 kW, 


The electrodynamic loads from formulae (15) and (16) 


dF, 

a 
R, + 
\ / 
vary from 65.5 ke/em if to 139 ke/em if $= 


F,=90T7; Fy — 4207; 
| dg 


Owing to the large load on the curved parts, these should be shaped 
as in Fig.6. ‘The appropriate winding is shown in Fig, 7. The follow- 
ing results have been calculated: with the original inductance 
(22.5 mH) the weight of aluminium was practically constant (2120 kg); 
losses were 135 kW; F, = 1150 7; F, = 275 T; the maximum load on the 
curved parts of the coil was 139.5 kg/cm, and at this point the radius 
of curvature P, = 21.5 cm whilst the tensile stresses in the conductor 
according to formula (17) were 140 ke/em2, 


For purposes of comparison we should point out that two parallel- 
connected oil tank reactors of the coil-type with screens for a vol tage 
of 110 kV and a current of 675A each requires 4,5 tonne of copper for 
the windings and 1,9 tonne of aluminium for the screens with losses of 
170 kW. Aluminium cannot be used for the windings of these reactors 
owing to the large mechanica] loads on the conductor in the event of 
short circuits, 
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Symbols 


induction of the mametic field, instantaneous value; 


amplitude of the induction half way across the coil of the 
reactor (r = Ray) at a current /; 


Ww, 


instantaneous value of the reactor current; 
effective value of the current; 


number of tums in reactor winding; 


number of tums coupled with a line of force passing through the 
point in question; 


specific losses due to eddy currents; 
angular velocity; 


thickness of conductor; 


density (specific gravity) of the conductor material; 
specific electrical conductance; 
electrodynamic force; 


inductance; 


volume of the magetic field; 


section of the magnetic flux; 


distance between a point and the axis of the toroid, 


geometric dimensions of the winding are shown in Fig. 5()). 
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THE USE OF TRANSISTORS FOR 
CONTROLLING MERCURY ARC RECTIFIERS* 


L.M. TVERDIN and Iu.M. KURZANOV 
Moscow 


(Received 12 December 1959) 


In automatic drive systems using controlled mercury arc rectifiers, 
e.g. mar-motor systems and mar-machine excitation winding systems, the 
mean rectified voltage is usually regulated by a phase shift of the 
positive trigger voltage impulses across the grids of mercury arc 
rectifiers. To form the pulses and shift them in phase, widespread use 
is made of systems incorporating pulse generators, pulse-chokes, static 
phase-regulators, half-wave magnetic amplifiers and controlled pulse- 
chokes etc, 


The development and introduction of such devices was a step forward 
in the improvement of automatic control systems, These systems, based 
on variations in the magnetic state of the core, have high inertia and 
require a large power consumption for control purposes and particularly 
to achieve high operating speeds. In addition, they are large and 

require non-ferrous metals and special steels, 


Semiconductor devices make it possible to produce equipment which 
forms the control pulses and shifts them on a different principle 


A number of semiconductor grid control systems have recently been 
developed in the Leningrad and Kharkov departments of the GPI 
“Tiazhpromelektropoekt”. These systems still work on the same tmsis 
as before, The number of pulse forming and shifting units is a half of 
or equal] to, the total number of grids in the mercury arc rectifier. 
Thus, for example, a three phase mercury arc rectifier has three pulse 
forming and three phase shifting devices (Fig. 1). The presence of 


* Elektrichestvo, 11, 82-84, 1960. 
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Mercury are rectifiers 


separate pulse generators means that special steps have to be taken to 
ensure the regular production of identical impulses relative to the 
anode voltage. 


~ 


Pig. 1. Block diagram of the grid control 
of a controlled mercury arc rectifier with 
magnetic apparatus: 

1 PSD to 3 PSD - phase shifting devices; 

1 PCG to 3 PG - generators for positive 
trigger pulses. 


Pig. 2. Block diagram of the grid control 
of a controlled mercury arc rectifier 
using transistors: 
PC — generator for triangular pulses; S - 
shaper for m-shaped pulses; D — device 
for distributing pulses between the grids; 
control voltage. 


Since the anode firing time of a three phase mercury arc rectifier 


it is quite practicable to adopt a system in which 


is ; of a period, 
deg. in 


the generator forms three successive impulses of 112 to 117 el. 
width during one a.c. period and then for these pulses to be distri- 
buted between the converter grids by the “logical” part of the system 


(Pig. 2). 


The main circuit of such a system is shown in Fig.3. It consists of 


three main units, namely, a relaxation oscillator, a pulse forming 
Jevice and a distributer. 
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Mercury arc rectifiers 


The difference between the instaneous values of the rectified 
voltages u, is received at triode Tl. Triode Tl is “off” m section 

1-2 (Pig.4a) and capacitor C is charged. Whe the polarity of voltage 
wu, is changed (interval 2-3) triode 71 is “on” and shunts capacitor C, 
which is discharged diring 2 to 4 el. deg. Then the process is repeat- 
ed and during one period three vo] tage pulses 112 to 117 el. deg. in 

width are formed. 


3 phase 


1960 
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Fig. 4. The variation inu,, 4. and pulse 
width for the arrangement in Pig. 3. 


The trianglar shaped voltage ue from capacitance C is compared with 
the contro] voltage «_ (Fig. 4b). Whe the wol tage u. equals uw. 
triode T2 of the shaper becomes “on” and shorts the input to the 
amplifier (triodes T3-T5). Triode 76 is then “on” and a positive 
trigger pulse is formed on the secondary windings of the transformers 
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Mercury arc rectifiers 


Traf 1 and Traf 2. At point 2 the capacitor C begins to discharge. 

The polarity of the voltage at the input to the shaper is reversed, 
Triode T2 and then 76 become “off” and the pulse is stopped. ‘The 
wavetai] of the pulses is fixed in time and defined ty the moment at 
which the capacitor C begins to discharge. The wavefront is defined ly 
the moment triode T2 becomes “on”, 


1: 
dg 


O64 


Fig. 5. Anglea=//(P, and the mean 
rectified voltage ie = 


The pulses are distributed between the grids of the controlled 
mercury are rectifier (WAR) ty triodes T7 to T9, which together with 
winding IV of the transformer Tr 1, constitute a three phase rectifier 
loaded across impedance r,. ach triode is “on” for one third of a 
period and passes the vol tage peak to the next grid of the anode to be 
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Mercury arc rectifiers 


fired. The triodes 77 to T9 are synchronized with the anodes of the 
mercury arc rectifier by matching the performance of Tr 1 with the 
power transformer of the MAR. 


The trigger voltage pulses are formed on the grids of the MAR in the 
following way. Whe triode 76 becomes “on”, a current passes through 
the primary winding of one of the transformers Traf 1, 2 or 3. A dis- 
tributer triode (77, T8 or 79) is live in the circuit of this trans- 
former at that particular moment. A square voltage pulse of the 
required amplitude is formed in the secondary winding. The width of 
the pulse is defined by the period of time that triode 7 is “on”. Its 
amplitude depends on the transformatiam ratio of Traf 1 - Traf 3. 


The main power losses in the formation of the pulses occur in triode 
7, since triodes 77 to T9 are switched without current and only 
prepare the appropriate circuits for the passage of the pulses. 


in 


! 


Fig. 6. Oscillogram of the voltage peaks 
u. across the grid of a controlled mercury 
arc rectifier for =4V and uy =2YV. 


The mean rectified voltage is regulated by a continuous or pulsating 
variation in the absolute magnitude of the contro] voltage u_ (Fig. 4b). 
The beginning of peak formation is displaced in time and, consequently, 
the instant when the anodes are fired is likewise displaced (Fig. 4c). 
Fig. 5 shows the angle of firing delay a and the magnitude of the mean 
rectified vol tage Uy, 2S a function of control output P. and control 
voltage u., as ascertained from tests on an RM - 200 type mercury arc 
recti fier. 


Fig. 6 shows an oscillogram of the voltage trigger peaks across the 
grid of the controlled mercury arc rectifier for various firing delay 
angles. 
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The main merits of this system are its high operating speed (below 
0,001 sec), low contro] power consumption (less than 0.1 W required to 
change a from 0 to 90°), small size, low weight, simplicity in produc- 
tion and adjustment, reliability, constant peak amplitudes and very 
steep wavefronts (at least 80 to 100° for 1 V). Its performance is not 
notably affected by swings in a.c, mains voltage of + 20 per cent, or 


by changes in temperature within the permissible limits of the triodes, 
since the latter operate solely on the relay system. 


These arrangements are applicable to all gear using controlled 
mercury are rectifiers in which the range of the firing delay angle 
is 90 el deg or less. It allows continuous electronic, pulsatory or 
combined contro] over the mean rectified voltage of mercury arc recti- 
fiers in irreversible automatic electric drive systems in which a con- 
trolled mercury arc rectifier is used in conjunction with a motor or 
the excitation winding of an electrical machine, 


The lack of inert links in the MAR grid control system improves the 
dynamic characteristics of the control system and creates favourable 
conditions for the desig of simple single-circuit systems. The ampli- 
fication factor of the system depends on the number of triodes in the 
pulse shaper. Practically any number can be used. If several control 
signals arrive at the input to the gear, they are added by a potentio- 
meter or low-inertia magnetic amplifier. To maintain normal perfor- 
mance, the control voltage should be confined within the limits 
0< uy 


The proposed system was developed and tested in the laboratory of 
the department of electrical equipment for industry at the Moscow 
Power Institute, 


P-15 type triodes were used for triodes Tl to 73, P-203 type for 74 
and T5, and P4-B type for 176-T9. 
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THE SCREENING OF RAILWAY 

COMMUNICATION CABLES - 

A NEW APPLICATION FOR 3% 
SILICON STEEL* 


Ia.S. SHVARTSBART 


(Received 14 July 1960) 


The original electrical application of silicon steel was in trans- 
formers and electrical machines, Its known electromagmetic properties 
(high specific electrica! resistance and magetic permeability compared 
with iron, low coercive force, high saturation, high wear resistance 
and so on) were used for producing the magmetic circuits of transfor- 
mers and electrical machines etc, Use has | ade of cold-rolled 3 
per cent silicon 2e] for over twenty y r ) produce top quality 
Magnetic circuits, 


But, during the past fi years, railway electrification with 
alternating current at power fr lency has made it necessary to protect 
trunk communication cables fror nduce ‘urrents, A search was made for 
materials to screer “a th ailway cables, New properties olf 
cold-rolled 3 per cent silicon steel sre found, namely, high magetic 
permeability ( 4 x 10° G.oerst in a field of 1,0 oerst) when in a 
state of pliable - resilient bending (i.e. wrapped round the core of 
the cable), and high ductility, which provides a satisfactory “armour” 
for the cable. 


It has been shown (1) that high magetic permeability in silicon 
steel strip when wrapped round the core of a cable is created by the 
same technological methods as are used for cold-rolled transformer steel, 
namely, the production of a high quality alloy tw an electrometal- 
lurigcal process, “raffination” of the annealed strip (a special form 
of refinement), double-cold rolling and final high temperature annealing 


* Elektrichestvo, 11, 84-86, 1960. 
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in order to correct the grain structure of the steel orientation , 


But the experience of the first batches of such strip showed that it 
is a difficult matter to combine high magnetic permeability and satis- 
factory ductility in this steel. It can only be done if certain 

specific production conditions are satisfied, 


This production procedure thus deserves special consideration, A 
number of papers [2,3,4] dealing with the structure of industrial 
Silicon-iron alloys state that an 0,01% carbon content in silicon-iron 
alloys (with 3% silicon) leads to the formation of a structurally free 
carbide in the structure of the steel after high temperature annealing 
and that this free carbide is in the form of boundary segregations 
fringing the ferrite grains of the steel, These boundary carbide 
segregations in the microstructure of the alloy reduce its ductility, 
and all the characteristics of a brittle silicon steel obtain if there 
are large amounts of carbide, 


The high temperature anneaiing of such silicon strip is a necessary 
part of the production process (the best magnetic properties are 
produced at annealing temperatures of 1100 to 1150°C), On the other 
hand, the present day methods of producing cold-rolled transformer 
steel in the U.S.S.R. only reduce the carbon content to 0.01% minimum, 
The various factories do not have the necessary equipment to reduce the 
carbon content of silicon steels below 0.01% (decarbonization under a 
layer of scale, or “black” annealing and vacuum annealing). 


These two circumstances together, i.e. the need for high temperature 
annealing and the unavoidable carbon-content of at least 0.01%, result 
in the appearance of boundary segregtions of carbide in the structure 
of the steel and, consequently, in lower ductility, even to the extent 
of brittleness, which prevents the norma] process of armouring being 
used to clad cable cores with such strip, 


The problem is to find a means of eliminating the structurally free 
boundary segregations of carbide from the steel. 


One method has been found |4|. Here the boundary carbide segrega- 
tions are removed after hig tempera ture annealing ty heat treatment, 
The steel is heated after high temperature annealing to 800°C. It is 
held for a short while at this temperature (2 min for strip 0.5 mm 
thick) and is then cooled in hydrogen, The structurally free carbides 
are dissolved in the main mass of grains and, owing to the compara- 
tively rapid cooling, they set in the solution, The ductility of the 
steel (as defined ty the standard brittleness test) is increased 
several times over, compared with its state immediately after high 
temperature annealing, and its magnetic properties are not reduced, 
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TABLE 1 


Magnetic permeability 
in a field of 1 oerst 
in the pliable 
elastic bent 


Method of production 


state 


High, over 4000 G/oerst 


Double cold rolling with 
final high te perature 
annealing at 1100°C in 
dome-type furnace in 
dry hydrogen. 


High, over 400° G/oerst 


Double cold rolling with 
high temperature 
annealing of strip in 


final thickness at 
1100°C in dome-type 
furnace followed ty 
quenching in a transfer- 
type furnace at 800°C in 
dry hydrogen 
Double cold rolling with 

short (5 min) period of 
high temperature anneal - 


Satisfactory, over 2700 


C/oerst 


ing of strip in final 
thickness at 1100°C in 
transfer-type furnace in 
dry hydrogen. 

Non-uniform permeability 
with “fall-outs” in 
the regions of low 


Double cold rolling with 
high temperature anneal- 
ing of strip in final 
thickness at 950°C in 


permeability. 
dissociated ammonia. | 


A sample batch of strips has also been drawn through @ fumace 


quenched in hydrogen. 


| 
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Ductility 


Large variation in duc- 
tility in the length of 
the strip. Partial 
brittleness. Unsuit- 
able for armouring 
purposes. 


Satisfactory. 
possible without special 
difficulty. 


Armouring 
1960 


High. No difficulties 
involved in armouring. 


Non-uniform ductile 
properties with brittle 
parts, strip unsuitable 
for armouring. 


and 


This quenching of cold-rolled silicon steel is not the only possible 


procedure, 


Ductility can be improved without reducing its magnetic 


properties ty a technological process that reduces the carbon content 


— 
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to 0,005% or less, This can be done by special heat treatment ina 
transfer-type furnace using wet hydrogen (according to dew point) at 
+ 30°C, 


It has been planned to produce silicon steel] with a very low carbon 
content in transfer-type furnaces at the Novolipets iron and steel 
works, It may also be started at a number of works engaged on the 
production of cold-rolled transformer steel. 


Table 1 shows the methods at present used for the production of 
Silicon strip for armouring cables and makes an attempt to assess the 
quality of this necessary material, 


Table 1 also shows that the second method of production is the best, 
Still better results are to be expected from the planned production of 
cold-rolled 3% silicon steel ty decarbonization in wet hydrogen, The 
magnetic and ductile properties of the steel will undoubtedly be 
improved, 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESVO No. 11, 1960 


Control engineering 


Determining the parameters of lineurized models of 
control systems from experimental frequency characteris- 


tics. A.A. Kacdashov and others, (pp. 51-56). 


A simple and accurate method is proposed for finding the parameters 1960 
of control and drive systems and in solving problems of synthesizing 

circuits, Linear “models” of these systems are described hy 

differential equations, The method is based on the approximatia of 

the experimental amplitude-phase characteristic ww the method of 

least squares, 


Induction furnaces 


The electrical design of an induction furnace without a 
steel core. I.A. Toropov, (pp. 72-76). 


The author brings the mathematical] methods used to desig induction 
furnaces up to date ty making provision to take the “edge effect” 
into account. 

Insulation 


Recording the ionization characteristics of insulation. 
G.S. Kuchinskii and others, (pp. 42-48). 


A comparative study is made of systems in use for registering corona 
and creep discharges etc on dielectrics. ‘the sensitivity of the 
test rig as regards the apparent intensity of ionization is con- 
sidered to be of the order of 10'%, 


Measurement of capacitance 


A method of estimating electrical capacitance. 
Iu.S. Rusin, (pp. 48-50). 


A new qualitative formula is proposed which enables electrical 
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Capacitance to be estimated satisfactorily for one conductor, two 


conductors and a two-dimensional system, (even if the conductors are 


close together). The method can also be used for determining the 


normal component of the vector of field intensity for electrodes at 


different potentials. Examples are given, 


Power systems 


The application of computer techniques in power sys! 
operation and design today. I.M. Markovich and other 
(pp. 1-8). 

The authors review the ways in which network analysers and computers 
are now being used in the world at large for operating and planning 
(34 


power systems, references), 


A method of calculating changes in the head of water after 
erecting or developing hydro-electro stations. 
V.M. Gornshtein, (pp. 13-19). 


Marginal analysis is applied to the mte of water flow and operating 


costs of hydro-electric power stations to define their optimu 


economic efficieng 


Calculating complicated faults using the results of 
computations of simpler system conditions. G.G. Kostanian, 
(pp. 20-28). 

The amthor distinguishes two broad classes of asymmetrical fault 
which can occur in a power system and then uses symmetrical] com- 


ponent analysis to study al] the possible combinations of symmetri- 
cal conditions These ‘‘complex” faults are regarded as the result 


of several successive asymmetrical faults 


Propagation of electromagnetic waves 


The propagation of electromagnetic waves on multi- 
conductor lines. M.V. Kostenko, (pp. 8-12). 


Simplified “telegraph” equations are proposed for a practical] 


solution of the problem of electromametic wave propagation along 


multi-conductor lines, The simplifying assumptions are no “end 


effect” along the line, no “wave effect” across the line, no 
“proximity effect” , no discontinuities, no longtitudinal components 


of the bias currents in the air, no transverse components of the 
intensity of the electrical] field in the earth and conductors, and 


a number of other minor assumptions, 
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Rectifiers 


The use of transistors for controlling mercury-arc 
rectifiers. L.M. Tverdin, (pp. 82-84). 


A description is given of a transistorized system in which a pulse 
generator forms three successive pulses 112 to 117 el, deg. in 
width during an a.c, cycle. These pulses are then distributed by 
the “logical” part of the system to the grids of the converter, 
The system consists of a relaxation generator, a pulse forming 


device and a distributer, 


Relays 


An impedance relay with a pre-magnetized choke coil. 
A.F. Berezovskii, (pp. 28-33). 


1960 


The author describes his patented device for “controlling’’ the 
total impedance of transmission lines, ‘he Author's certificate 
(patent) was granted in December 1958 The relay makes use of 
chokes with weakly pre-magetized cores, The chokes are connected 
in parallel with an electromechanical relay. The advantage of the 
system is that fewer contacts and relays are required. The device 


is used when an exact measurement of tota] impedance is not 


ing or voltage cut-off wit 


required and when voltmeter 


4 
current blocking is n satisfactory. 


Rotating machines 


Starting an induction motor from a synchronous generator 


la.B. Kadymov, (pp. 56-61). 


of similar capacity. 


The assumption of a constant speed of the prime mover is discarded, 
The starting of an induction motor from a synchronous generator of 


Similar output is analysed on the supposition that the electro- 
magneto moment produced ty the transient currents averages out to 
zero, Use is then made of expressions for the steady state. 


Calculating the mechanical characteristics of an induction 
motor in a closed regulation system for a dissymmetry in 
in the stator circuit. M.M. Sokolov and others, (pp. 
66-72). 


A graphical-analytical method is proposed for calculating the 
mechanical characteristics of induction motors in closed and open 


Abstracts 


systems of control, e.g. in hoist-conveyance equipment, when the 
supply of the stator circuit is asymmetrical. ‘he parameters of 

the elements of the system to define the static mechanical] charac- 
teristics of the motor can also be found, 


Special steel 


The screening of trunk communication lines - a new 
application for grain oriented 3% silicon steels. 
Iu.S. Shvartsbart, (pp. 84-87). 


Details are given of a specia] heat treatment and a method of re- 
ducing the carbon content to 0.005% which has made it possible to 
produce a highly ductile cold-rolled 3% silicon steel with a high 
magnetic permeability (over 4 x 103 G/oested in a field of 1.0 oest), 
This steel has been developed for protecting communication lines 
from induced currents along electrical railway lines and for 
screening railway cables, 


Traction motors 


A method of calculuting the continuovs rating and 
efficiency of electrical traction machines for diesel 
engine and gas turbine locomotives. N.A. Boldov, 


(pp. 62-66). 


A study is made of the criteria for the efficiency of traction 
motors for diesel and gas-turbine locomotives, A simple method of 

estimating the sustained standard output of traction motors and d.c. 
generators is given. 


Transmission lines. 


The surge protection of transmission lines today. 


N.N. Beliakov and others, (pp. 33-41). 


The author studies the measures which can be taken for the lightnin 
protection of transmission lines of 110 to 500 kV. ‘The new State 
regulations (PUE ) on this matter are described, 


A coreless toroidal reactor for power systems. 
L.V. Leites, (pp. 76-82). 


Owing to the shortcomings of high voltage power reactors and 
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current-limiting reactors for long distance transmissions lines of 
220 V and above, the author studies the design of a coreless toroidal 
current-limiting reactor and analyses the relationships between 
dimensions, weight, and losses. ‘The proposed design will save about 
4.5 times tonnes of copper on a 12.9 MVA reactor and reduce losses ly 


35 kW, 
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THE APPLICATION OF 
COMPUTER TECHNIQUES IN 
POWER SYSTEM OPERATION AND DESIGN* 


I.M. MARKOVICH, V.A. TAFT, S.A. SOVALOV, 
V.A. VENIKOV and L.V. TSUKERNIK 


(Received 16 August 1960) 


The use of computer techniques and particularly digital machines to 
solve the problems connected with the operation and design of power 
systems is still in its initial] stage. It is of very great importance 
from the national economic point of view that these techniques are used 
in the operation of power systems and to establish the correct ways of 
developing them It is therefore expedient to study the most important 
problems and the scope for computer techniques. 


Problems in the operation of power systems 


These can be divided into three groups, namely, (1) operational cal- 
culations, (2) the formulation of daily plans, and (3) the formulation 


of long term plans, 


The first group of problems is mainly concerned with the operational 
distribution of the rea] and reactive (wattless) power flow, the choice 
of system, the regulation of the voltage, determination of the margin of 
reserve, and the distribution of this power reserve on the basis of 
actual information about the total load and the state of the equipment 
etc. The second type of problem deals with similar matters except that 
the initial data are forecasts of total] loads and planned repairs etc, 


Suppose we list these problems in order of complexity: 


(a) calculation of the daily distribution of the real loads between 


* Elektrichestvo, 12, 9-15, 1960. 
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fuel-fired power stations, given the state of the equipment, and taking 
the network losses into account; 


(b) calculation of the daily distribution of the real load between 
fuel-fired and hydro-electric power stations, given the state of the 
equipment, the rate of water flow and network losses, but lgnoring 
changes in the head of water at hydro-electric stations, 


(c) the same as in (b), but with changes in the head of water at 
hydro-electric stations taken into account, as well as the interaction 
between these factors when operating in tandem, 


(d) calculation of the optimum daily margin of real power using a 


defined reliability coefficient. 


(e) calculation of the optimum daily distribution of the margin of 
real power, i.e. calculation of the optimum use of the units at the 
fuel-fired and hydro-electric power stations, but neglecting transient 


processes in such equipment, 


(gz) calculation of the daily distribution of the reactive loads, 
of the daily chart f the optimum voltages in the network with the 
optimum tapping of » transformers taken into account; 


(h) calculation of the complex daily distribution of the real and 
reactive loads, or of the real loads and voltages in the networks, 


provided that the conditions stated in items (a) to (e) are satisfied. 


The problems listed under (a), (b), (Cc) and (g) can be solved ty 
computers using either analogue or jigital techniques, The problem 
listed under (4d), (e), (f) and (h) require high speed electronic digital 
computers using programme contro] or special digital-type mechines, 

The computing devices used for solving these problems may also be a part 


of control computers. 
The most important problems in the third group (long term plans) are 


(a) estimation of the economic distribution of power generation 
between fuel-fired power stations (with network losses taken into 


account) for monthly and annual plans; 


(b) Estimation of the economic distribution of power generation 
between hydro-electric and fuel-fired power stations for monthly and 
annua] plans; 


(c) Calculation of the optimum long term distribution of the water 
flow at hydro-electric stations, e.g. for each month over six months, 
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(d) The same as (c) over a month, for each week separately, 


(e) The same as (c) and (d) over a week, for each day separately. 


The formulation 
speed electronic digital computers, 


of such long term plans requires the use of high 
or special digital type machines, 


In combined power systems, al] the enumerated problems should be 
solved with the transmission capacity of the links with other systems 
taken into account, or else the output should be distributed between 
the systems separately with the links taken into account, 


One of the important problems connected with the use of computer 
techniques in power systems is the development of contro] machines which 
automatically regulate the conditions of the power system (automatic 
dispatchers), or the conditions of individual parts of such systems 
(e.g. boiler-turbine units, inter-system communication lines etc), 


960 


Bearing in mind the complexity of power supply systems, the need to 
obtain a continuous inflow of information about the numerous charac- 
teristics of thermal, hydraulic, mechanical and electrical processes, 
and the need of numerous devices to exercise contro], we cannot afford 
to underestimate the practical] difficulties involved in the solution of 
these problems. New “pickups” and servo-mechanisms have to be 
designed. These must be reliahle and quite exact, These same require- 
ments must also be satisfied hy the devices necessary for converting 
continuous into discrete quantities and vice versa if digita] tech- 


niques are used, The same also applies to the telemetering and remote- 


control devices if an “automatic dispatcher” is used, and to the con- 


puting equipment itself, 


levelopment of computer-type control machines for power systems, 


jl any other object of camparable complexity and importance, 


must be divided into the following phases: 


Re 
cal apparatus for producing analogues and programming the work of the 


Study of the production technology, development of the mathemati- 


computers, the compilation of standard programmes, and the accumulation 


of experience in the performance of these calculations on computers, 


II, The creation of semi-automatic control systems with a continuous 


inflow of data and a trial period of service to test these devices under 


real conditions, 


III. The creation of an economically and technically closed syster 


in the light of the computing devices available in phases I and II. 


We must warn the reader against that abstraction of the problem in 
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which the automatic contro] of combined power systems is considered 
without regard to economics, operating reliability or the necessary 
phases of development, e.g. Bruk’s paper 2\, which has already attrac- 


ted criticism 


At this stage we should pay our main attention to the automation of 
large fuel-fired power stations, and boiler-turbine-generator units in 
particular. This is being done, for example, ty the Kharkov power 
station in collaboration with the Central research institute for com- 
plex automation 3,4 and the Kharkov polytechnical institute, 


In Kharkov they have estimated that a centra] control panel with a 
computer for a 150 WW boiler-turbine unit saves about three million 
rubles per annum in capital outlay; roughly the same saving is made in 
running costs ty automatically ensuring operation under conditions that 
are practically optimum, 1e Kharkov power system is now finishing a 


tria] contro] arrangement 1 50 MW boiler-turbine unit, 1960 


A control computer for a 300 MW unit is now being developed in the 
uU.S.S.R. 


The use of f hniques for solving operating problems will 
enable radical change , be made in measuring, contro] and costing 
systems at power stations and substations. The conventional indicators 
and recorders will > rep] > y digital measuring devices, 1.€ pick- 
ups which are not only capat f digita] reading of the various 
physica] phenonome! bu also feed the data automatically into a 
computer which record makes a primary statistica] analysis, and if 


necessary uses we ilts for automatic control purposes. 


A good exam s the computer at the fuel-fired power station in 
Louisiana (U.S.A. ). his digital computer takes a continuous record 
of 100 items and replaces al! ve registering devices at the station, 
The computer “covers” 250 c ro] points at a rate of five per sec ana 
automatically control: » temperature, It is planned 


machine to “cover” 300 points per second, 


Problems in the planned development of 
pover systems 


Pere the problem is to find the optimun arrangement of the network 


and generating capacity. In view of the complexity of this problem we 


can in some cases divide it into two separate problems, namely, 


1. Determination of the optimum generating capacity (i.e. the timing 


4 
x 
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and siting of the new units t over the load and the necessary safety 
margin) and the design of the units. We ignore expenditure on trans- 


ission and distribution, The optimum generating capacity is calculated 
from the cost of this generating capacity. The periods of time over 
which the investment is to be spread is taken into account, 


2. Determination of the optimum network corresponding to the selected 


system of generation, i.e. determination, on the basis, minimum estimated 
utlay, of the carrying capacity, type and completion date of the es 
and substations to transmit and distribute the power generated by the 


new units, 


Alternative versions of problems 1 and 2 are then compared and that 
version which requires the minimum total] estimated outlay on generating 


plant and network is then selected. 


Instead of providing new generating units, we sometimes have to 


consider linking the system to a grid with optimum carrying capacity 


and increasing the carrying capacity of the grid up to its optimum value 


the new conditions, since the demand for new generating capacity can 


thereby be reduced by the “inter-system effect’. 


The problems in order of complexity are 


1. Determination of the periods of time over which new real power 
will be supplied to cover the developing load on the power system, given 


the reduction in the reliability factor. 


2. Determination of total financia] outlay (i.e. the annular expen- 
diture and the defined proportion of capital] outlay on the various 
methods of installing the new generating capacity) and selection of the 


optimum scheme, 


3. Determination of the periods of time over which the new network 


equipment will be supplied in the development of the load; 


4. Determination of total estimated outlay on the various alternative 
schemes with network losses taken into account, Selection of the opti- 


mum scheme; 


5. Determination of the periods of time over which the new reactive 
power flows will be supplied to cover the developing loads on the power 
system, given the minimum voltage level of the optimum schemes for the 
network and generator plant; 


6. Determination of the total estimated outlay on the alternative 
means of introducing the reactive power flows and selection of the 
optimum scheme. 
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High speed electroni« gital computers are re solve all 


I rob] ems, 


But there are als 


le terminatior 


Computer techniques 
However, in 
the long term planning 


requirements than 


material an 
can distingui 
required type 
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The main types of mathematical problem and 
the scope for the various types of computer 


livide the problems connected with the calculations involved 
jesign into three groups, namely, (1) 
(electromagnetic and electro- 
conditions, 


We can 
in power system operation and 
those connected with dynamic processes 
mechanical), (2) those connected with selection of optimun 
and (3) those connected with determining the effects of fault conditions, 


The first group of problems involves the solution or investigation 


sets of differentia] equations (usually non-linear) or algebraic 


of 


equations, i.e. for the calculation of 


4c 
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Res «other problems which concern, for example, the 
(mm), of the regions in which i is expedient ise particular 
voltages of particular types of irrent etc. These proble fter 
entall a very iarge number! javorious echnical anda e& alcula- 
tions, It also appears that computer ire essentiai ere, 
should be particularly effective in a planned 
he socialist system, the ilculations involved in as 
of the power ippliy have o satisfy more stringent : 
es is the case in the capitalist system, This is con- . 
— 
nected with the need t& iximize the efficiency of the economy as a a 
whole and the need to msider the relationships between the ain 
branches of the economy No definite criteria have.as yet been full) 
worked out which satisfy these requirements and permit and development 1960 
of a practical method of technical] -economi alculation on the basis of 
modern computer techniques, ‘ 
The application f computer techniques aiso implies that he initial ‘ae 
lata satisfy certain special requirements. j ion ter planning the an 
initia] data should be based on the large scale treatmen f statistical a 
kinds of general a! tion, Here we 
h a separate pr é n fir f the 

It is urgently necessary t tudy met i ilculation for the long 
term planning of the electricity ipply a A t criteria of 
ptimu scnemes in connex n witi e pia orated [or Une 
jevelopment of the economy in the next twenty years, 
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stationary conditions (current-distribution of output etc); 


ic transient processes (surges, transient short 


if parallel m and the electromechanical 


connec te ‘thanges in the position 


electromechanica] transient processes in power systen 
the actior f the automatic control] system taken into account 


regulation 


The second grou problems requires the comparison 
arrangements and the determination ol 
with many variables whic! 
In particular, this 
and between 
the characteristics 


into account 


group of problems can be mathematically formulated on the 
basis of “logical” algebra. The solution of these problems requires 
the use of relay-contact or digital techniques. This group includes the 
operational] problems arising in determining the action of the service 
personnel under different fault conditions and elucidating the conse- 
quences of the various courses of action, It is well known that a 
control panel capable of solving such logical problems was installed at 


the Kashir hydro-electric station in the early 1930's. 


Combinations of these three types of problem can also occur, for 
example, selection of the optimum form of a dynamic process. 


Either analogue or digital computers can be used with success for the 
first group of problems which involve the solution or investigation of 


sets of differential equations; some of these investigations, more 


particularly with the new type of elements, can be made by dynamic 
(physical) simulation. Many such power problems, though involving 
large numbers of equations, do not need a mathematically exact solution, 
Use may also be made of a,c, network analysers to investigate many 
electromagnetic and electromechanical processes. Each of the stated 
methods has its own field of application and its own special] features, 


Thus, for example, dynamic simulators are very useful] for obtaining 
those fundamental results which pre-determine the course of other more 
detailed quantitative investigations. If these are used there is no 
need to investigate the effects of simplifying the mathematical des- 
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criptions of phenomena or discarding parts of the physical phenomena 
which is unavoidable in mathematical analogues, but which has less 
effect on physical simulation, which directly reflects the nature of 
the phenomena under consideration, Dynamic simulators make it possi ble 
to carry out complicated tests with equipment actually used in practice, 
This is their advantage, But if dynamic simulators are used to inves- 
tigate complex systems, difficulties arise in the creation of large 
“models” and the substitution of a simple (equivalent) system for the 
system being investigated. Dynamic simulators are therefore best used 
for studying fundamental problems which can be elucidated in compara- 
tively simply networks. 


Under certain conditions use may be made of a.c. and d.c. network 
analysers to investigate quite complicated systems, A,c. network 
analysers can be used for steady state and for transient conditions, 
Transients are investigated ty numerical integration. 


Problems that can be made linear may successfully be solved 
frequency methods, The field of application of a.c. network analysers 
can be extended by the recent improvement in their desig (automation 
and the addition of amplifiers and various converters etc). But if a 
more carefu] analysis of the processes is required, fewer assumptions 
can be made in the description of dynamic processes in power systems and 
it is then necessary to change over to digital computers, 


Dynamic equations are solved on digital computers ty means ofa 
programme devized in a certain way (e.g. the ‘Run ge-Kutt’’ method, the 
“adams-Shtermer” method). In principle, digital] computers allow inves- 
tigation of processes of any degree of complexity but the more comp 1 ex 
the problem, the longer it takes to prepare it and the more difficult it 
is to devize the programme and check the results. Further investigation 
must be made to find out whether it is advisable to use digital com- 
puters for such calculations, whether it is feasible to combine elements 
of digital] techniques with network analyser and analogue techniques, and 
what are the advantages and disadvantages of digital techniques compared 
with network analysers, 


Analogue computers can be used to investigate and solve sets of 
dynamic equations also, 


The second group of problems can be solved ty digital or analogue 
computers, These problems are usually solved by trial and error, 

Digital computers are superior in this respect in that they are more 
exact and flexible and can be applied to a wider range of problems, The 
determination of optima can in principle be carried out on analogue 
computers, but the result may not always be accurate enough to sol ve 
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technical-economic problems. Accuracy is particularly necessary in 
finding the optimum conditions of a power system which will only in- 
crease total] efficiency by 1 to 2 per cent, 


The question of network losses arises in determining optimum con- 
ditions. In order to find the coefficients of distribution necessary 
for calculating network losses, use may be made of digital] computers or 
network analysers, But the latter do not provide sufficient accuracy, 
There has therefore been a tendency to solve these problems on digital 
computers, This applies al] the more to complex investigations involv- 
ing all three types of problem. 


In spite of the improvements in digital] techniques, the greater 
number of digital computers, their improved performance (larger 

storage capacity, higher operating speeds, reliability), and the greater 
number of standard programmes that have been devized, the field of 
application of digital computers and other means of computation in the 
last analysis depends on economic expediency, i.e. the comparative cost 
of solving these problems in terms of manpower and real resources, 


But digital computers do have a number of advantages over other means 
of computation, In the first place, digital computers are not only 
capable of solving individual problems, but with the appropriate 
programme they can also make intermediate calculations and draw logical 
deductions like a planning engineer. Improvements in the design of 
computers and in programming technique will make it possible to solve 
even more complex problems. As more programmes are accumulated, so 
ligital computers will be used for a still wider range of problems. 


This indicates the need for a collective effort to widen the scope of 
digital computers in power supply problems, 


The third group of problems (“logical’’ algebra), has not yet been 
developed. In the early stages use may be made of relay-contact tech- 

niques to solve these problems. But digital techniques will probably be 
applied in due course, 


Summarizing the foregoing remarks, we can draw the following con- 


clusions: 


1, Digital computers will soon be extensively used for complex and 
more particularly for non- operational calculations in large combined 
power systems, pwer systems consisting of fuel-fired and hydro-electric 
power stations and to solve logical problems. 


2. Special computing devices using analogue and digital techniques 
will be used extensively for operational calculations and as controlling 
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machines. 


for the same 
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ferent computer techniques are us 2 l ests. 


Calculations which have to be very exact, e » connected wit! 
losses in complex networks with many nodal nd closed circ 
or those undertaken to find the most ecanom! ] tri butis 


systems with fuel-fired and h jro-electric r stations with losses in 


complex networks taken int ‘ount, and those connected with long term 


planning (if there are mar alternative arrangements and quite adequate 


technical and economi< riteria) are all problems in which digital 


computers have doubtful advantages. However, owing to their wide range 


3. D.c. and a,c, network analysers stiii be 
for calculating stability, short ci rc 
in norma] and fault mditions etc, 
«Simulators will still ist as important for fundamental 
investigations, analysin he qualitative aspect f nditions, investi- 
gating stability and “pli ing’ ontrol devices, especiail the new 
makes. 
They will chiefly be used for investigating transient processes, tyvnami 
regulations and stability in simple networks. 
Different types ol! mputing device wy in the future be mbined to 
solve a numbe! f problems. 
Conclusion 
Certain recommendatiotr an already be made on the oasis f accumu- } 
a 
lated experience of computing techniques in power system operation anc 7 
leSi gn. 
rganizations, higher educationa] establishments, 
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of application and their ability to carry out complex logical programmes 


igital computers can produce more effective results than 


automatically 


network analysers and analogue computers, particularly if standard pro- 


grammes are available t solve the respective problems. 


It is not advisable to replace all other types of computer by digital 


; computers, as sometimes advocated in the published literature. In this 
respect, the experience of the French power system is quite convincing 
6 . Reference should also be made to the satisfactory results 


achieved in the U.S.S.R. by the joint use of digital] and analogue 


computers |7_, and the int use of a,c, network analysers and analogue 


compu ters 


Bearing in mind the great cost of electronic general purpose digital] 
computers and their mplexity, we do not suppose that the dispatcher 
- control points of smal] and medium regional power systems will have 


these computers for me years They will have to rely on network 


analysers 


The recent discussio y) f the long terr prospects for the ise 


veiopmen 


computing techniques, but n the contrary, is acquiring still greater 
importance, In certain ses, physical simulation makes it possible to 
imitate actual] experiments (especially in the development of new auto- 
matic devices). It aids the elucidation and pr se statement I 
mathematica] descriptions and, consequently, the efficient use of conm- 


techni ques. 


contro] 


lepends 


on raj mpletion of the researc! oing on into the design of trial] 
control equipment for large units at fuel-fired power stations and the 


production of this equipment in industry. 


Heavy demands have to be made on the electrical industry to produce 


ji gi ta] -type measuring apparatus and pickups for the physical character- 


istics of the conditions of thermal-mechanical equipment which are re- 


quired to feed the information into computers automatically in digital 


and analogue form, The most serious attention needs to be paid to 
attempts to determine directly the value of the relative increment in 
fuel consumption (or its margina] cost) at fuel-fired power stations, 


The solution of this problem will] bring us considerably nearer to the 


actually optimum load distribution in power systems that can be found 


ty computers, In this connexion it is again pertinent to stress the 
importance of correct initial data in the use of computers, The problen 


is not only to obtain the necessary amount of information and to speed 
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up the process of obtaining it and processing it, but also to ensure 
that this information accurately reflects the variety of possible 


changes in conditions. 


The widely held opinion that the application of computers will bring 
a reduction in staff and simplify the operation and design of power 


systems etc is not therefore generally speaking correct, In a number of 


cases the increase in national income from optimalizing operating con- 
ditions and real investment, and improving the reliability of the power 
supply obtained as a resui ising computers will outweigh the cost 
of employing more persannel an will fully justify the greater comp] ex- 
ity involved in operation and desig, both of which will be raised to a 


higher technical level, 


Organizations engiged on the application of computing techniques to 
the solution of power system problems and, particularly, computer 
centres, should calculate typical pr blems and formulate the results in 
such a form that after extensive discussion they can be used to build 


up a library of typical operating programmes. 


Regional power authorities, or “el ommercial organizations, should 
initiate or expand the existing punci card systems for preparing subd- 
scribers’ accounts, mechanizing the accounting system and preparing 


routine statistical returms. 


This paper does not touch upon the more long term prospects of 
computing techniques, < the development of power systems on the basis 


of cybernetic control. 


Further development should lead to the design of extrema] and sel f- 
adiusting control devices which will find the optimun conditions 
steady state and in transient processes. The discovery of the minimun 
necessary information for automatic super high speed calculation of 
conditions and processes and the means o! optimalizing them are topics 
which are already within the field of vision of research engineers, who 
should have in view the even more distant prospects of cybermetics in 


electrical systems. 


Naturally, neither cybermetics, nor any other form of automation 
should be an end in itself. Its development and introduction has to be 
justified by technical-economic analysis which reveals the real gain in 


nationa] income. 


Translated by 0. Blunn 
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A STUDY OF RADIO INTERFERENCE FROM 
CORONA ON TRANSMISSION LINES* 


K.Ia. KAFIEVA 
(Moscow) 


(Received 11 March 1960) 


An intensive study has been made of radio interference from corona on 
transmission lines in pursuance of the decisions of the XXI congress of 
the C.P.S.U. concerning the electrification of our country and the 
opening of new 330-500 kV transmission lines and the conversion of 
existing lines to higher voltages, 


The Electro-energy Institut ’ t) ha rdingly studied the 
radio interference of transmi es t} rial radio receivers, 
yf 


and the carrier interference (i.e. that p1 ted along the wires 
transmission line hich interferes witli } performance of high 
frequency carrier communication channels his paper contains the 

of these investigations at > into interference from 
corona on the wires of transmission ies in the U.S.S.R. 


Standards for the level of 
maximum interference and measuring apparatus 


The starting point for estimating the maximum level] of interference 

the signal to noise mtio at the output of the receiver, The quality 
reception is very good if the signal is 40 db greater than the level] 
interference ( a hundred times greater in voltage), and satisfactory 
it is 26 db higher (twenty times greater in voltage). 


The standards for radio interference from industrial plant, published 


* Elektrichestvo, 12, 28-34, 1960 
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ty the State Inspectorate of Electrocommunications of the Ministry of 
Communications U.S.S.R. [1) provide for a zone 50 m. wide on both sides 
of transmission lines in which it is not recommended to set up radio 
receiver aerials. Outside this zone satisfactory reception is ensured 
if the level of interference does not exceed 100 yu V for frequencies of 
0.15 to 0.5 Mc/s, 50 for 0.5 to 2.5 Mc/s, 20 for 2.5 to 20 Mc/s and 50 
for frequencies up to 400 Mc/s. In estimating the carrier interferen 
of transmission lines, we were guided by the standard for telephol 
channels, according to which the useful signal should exceed the inter- 
ference ty at least 3 nep, or 26 db, i.e. ty a factor of 20 as regaris 
vol tage. 


Radio interference from lines in the frequency range 0.15 to 150 Mc/s 
is usually measured by IP-12-2 M or IP-14-type resonant aerial devices 
which record the quasi-peak values |2.. Interference in the 30 to 300 
kce/s range is measured by IUU-LEP-type selective level-indicators which 
are connected to the feeder of the communication channel] under investi- 
gation along the line and show the average interference in the 2 kc/s 
band, It has been our practice in the overwhelming majority of cases to 
take measurements by the same apparatus, or different sets of the same 
type of apparatus, after careful and repeated adjustment. 


The study of radio and high frequency 
interference from corona 


Under normal operating conditions there is usually no undue inter- 
ference from 35, 110, 220 and 400 kV lines. Nevertheless, we have 
studied the effect on interference of a number of factors, particularly 
atmospheric conditions and design features of the lines. The measure- 
ments are given in Table 1. We shall briefly consider the effect of 
various factors in the light of these figures. 


+ 


Precipitations. kain and sleet have roughly the same effect on 
interference, At the beginning of the precipitation there is a gradual 
increase in the level of radio interference ty a factor of 3 to 20 and 
of carrier interference by 0.5 to 1.5 nep (on 110 and 220 kV lines). 
When the surface of the conductor is thoroughly wet there is a slight 
variation in the level of interference. When the precipitation stops, 
the level of interference falls and owing to the removal of dust and 
foreign matter the level of interference may be below that normal in 
fine weather. There is sometimes a reduction in interference on 35 kV 
lines during rain. On some lines we detected irregularities in the 


coupling components and insulators and these factors mainly defined the 


level of interference in such cases the spark gaps were covered with 
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1 | 110 
2 10 
3 | 110 
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Levels of radio and 


of | Attitude | 


above 


level, 


Dpe of 
region 


Industrial 


Industrial 
Rural 


Industrial 
" 


Operating 
voltage, 
kV 


115 
109 
115 
114.5 
109 


112 
121 
109 
110 
110 


TABLE 
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— | | 
| 
9.6 28.1 40 Rural . : 
10.6 21.2 372 Industrial 
10.4 18. 40 Rural 
10.6 47.5 6 | " | 
15. 56 50 n 1960 
15. 50 
15. 6 " 
17. 28 1, 300 
17. 28 1, 300 " ee 
9) | 17.0 40 1, 500 Rural 110 
9 | 110 17.0 40 1, 800 ' 110 .. 
10 | 110 17.0 $9.2 | 21, 00 112 
11 110 17.0 66 l " 118 
12 | 110 17.0 66 2, 30 110 Pe 
13 110 19.1 21.8 372 Industrial 112 4 
14 220 24.4 250 5 Rural 231 Z 
14 | 220 24.4 117 
14 | 220 24.4 250 50 246 a 
15 | 220 25.2 275.3 3.7 230 - 
15 220 25.2 275.3 23.7 n 246 rs 
18 | 220 30r0 275.3 1s 230 
16 220 28.0 278. 2 23.7 | 230 
| 20 28.0 278.2 3.7 " 230 
16 220 28.0 278. 2 3.7 " 230 
17 | 220 | 30. 2 4.4 23.7 " 230 
17 | 220 30.2 23.7 " 230 
17 20 30/2 234.4 23.7 P| | 220 ; 
18 | 400 3125.2 80 180 | Fi 
18 | 400 $225.2 80 180 " 417 : 
19 | 400 3230. 2 125 180 ' 405 | 
19 | 400 3130. 2 125 180 " 4m 
19 | 400 3130. 2 125 180 " 410 aa 
19 | 400 3230. 2 126 180 " 421 
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carrier interference* 


| Theoretical [Radio interfer-| Average high 
| Relative | gradientof | ence at 50m frequency 
Air air middle phase | from the line | interference in 
temperature| density /|kV/cm(amplitude at 1 Mc/s, 2ke/s frequency 
value) py band, nep 


Weather 


4 


Cloudless 9. 02 21. 


5 6 
.95 20.4 10 

21.5 12 

21.4 8 

Slight rain 20.5 Not measured 


Cloudless 2. | 19. 

Dull 20. 20 

Slight rain 20. , 17. 1 

Cloudless 17 Not measured 


Bright periods Not measured 


Mull 3. 25 4.0 
Rain | 


bright sf " 
-3.5 
-3.0 
10 measured 
10 


15 
30 
20 


Not measured 
Not measured 
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1 
- 
-5.0 
4.5 
-5.0 
960 | 
4.3 
4.5 
| Bright | | 1.0 25.9 ~3.43 
" 22.4 | 0.99 19.2 Not measured 
| Bright 21.1 | 0.99 22.2 
" 18.0 | 0.99 22.2 | 
| Dull 24.0 | 0.998 20.6 10 m= 
22.0 | 1.0 | 20.6 | 5 
Srigtt | 0.95 | 19.7 2 -3.5 
pull -7.0 1.1 20.0 10 
" | | 23.6 15 -3.5 
| 
Bright -15.0 19.7 12 -3.8 
Snow -10.0 1.11 20.5 22 ~3.5 
Bright “12.0 | 1.01 20.0 15 ~3.5 
Sleet 0.5 | 1.04 20.5 20 ~3.4 
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moisture and discharges were suppressed. 


There was a far more marked variation in interference levels during 
snow and hail. The use of a split phase (on 400 kV LEP lines) greatly 
reduced the effect of precipitations on the level of interference. 


Relative fumidtty of the air Radio interference voltage increases 


by a factor of 1.5 to 2 on 110 kV lines in coastal districts for an 


increase in air humidity from 52 to 71 per cent. 


dir density. A number lines were studied in mountainous regions 


1300 to 2300 m. above sea level. 


At potentia adi 5 to 17 kV/cm on the surface of the con- 
juc tors*, > interfere » is comparable with that on lines operating at 
gradients 20 f but at 50 m above sea level. Measurements 
on 220 kV in wintertime during dry weather the level of 


radio and carrier 1 -rference was below that in bright weather luring 


Summer. This 1 n ibt tie to the increase in air density in 


‘ 


winter, 


The article 3) by Bartenstein and others gives a straightforward 
relationship between the level of interference and air density. It is 
well known that corona voltage is proportional to air jensity. If the 
initial corona voltage is changed 1 kV, the level of radio interference 
increases by approximately 0.125 db. Consequently, a 20 per cent change 
in air density should entail] an 0.2 x 240 x 0.125 = 6 db change in the 
level of radio interference on 220 kV lines with an initial corona vol- 
tage of 240 kV. Our observations agreed with this figure quite well. 


state of conduct surfaces. This factor has been repeatedly 
in foreig inv lgations Its effect has also been con- 
by our measurements ol 2 ines (Table 1, No. 17) 

ASO- 480 type 0.2 ) diamete At the same 

interference was greater ir } line an from other 

system (Table 1, Nos, 15 and sing AS-341 type con 

diameter, The explanation is that the No.17 line had 

for 5-6 months, whereas the other tw (Nos.15 and lf 


for much longer period id had undergone the process of 


Design of the l P. he most important point is the diameter 
wires. At the same maximum gradients, ference is lower 
* The amplitude value of the potential gradient on the middle phase appears 
throughout 
The potential gradient of non-split conductors was found ty the formula 


44) here J. is the capacitive current of the wire 
and ro its radius (cs 
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Split conductors and, moreover, these are more stable under variable 


atmospheric conditions, 


If earthing cables are used or the line is suspended at a lower 
height, the field of interference beneath the line is amplified, but i 


is weakened more rapidly as you go away from the line. 


Measurements on 110 kV lines showed that the level] of radio inter- 
ference from vertically-suspended two-circuit lines is roughly 1,2 times 
greater than that from horizontally-suspended single circuit lines. 

The level of radio interference from horizontally-suspended two-circuit 
lines is roughly 1.5 times greater than that of single circuit lines. 
The level of carrier interference is hardly affected ty a second circuit 


or the arrangement of the phase conductors, 


The practicability of converting lines to higher voltages. This 
investigation was carried out in stages, In the first stage we used an 
experimental line section and in 1958-1959 we did the tests on 110, 220 


and 400 kV lines, 


Lines 110 kV. We studied corona interference on two mountain lines 
1500 to 2300 m above sea level and on coastal] lines of 140-145 kV in 
regions of high air humidity (Table 2, Nos.6, 9 and 11), 


We drew the conclusion from these measurements that there is a large 
margin of radio and carrier interference on 110 kV lines equipped with 
AS-120 and AS-150 type conductors under normal conditions, The conver- 
Sion of these lines to 140 kV will have no notable effect on radio 
reception or the performance of communication channels, 

Lines 2290 kl In August and December 1958 we tested line No,14, and 
in May 1959 lines Nos. 15, 16 and 17 (Table 2) Line No, 14 produced 
maximum radio interference under normal conditions (220-230 kV) in 

weather in summer (Fig.1). At voltages of the order of 246 
kV/cm) radio interference was in excess of maxim 
factor of 1.5 to 2, At 316 kV (gradient 34.1 kV/cm) interference at a 
listance of 50 m from the wire at a frequency of 1 Wc/s exceeded maxi- 
mum 12 times over, At higher voltages the rate of increase in radio 
interference is slower, and during general corona (voltage 350 kV, 


gradient 37.8 kV/cm) irop occurs in the curves for radio inter- 
ference (Fig. 2). 


There is a fairly regular increase in carrier interference with 
increasing voltage from 175 to 350 kV (Fig.3), reaching maximum at 


approximately 270 kV, In winter during dry weather the level of inter- 


ack 


ference is slightly less than } summer at g up to 310 kV 


to higher air density 
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No. of line 


9(altitude 
9(altitude 

Li(al titude 


ll (al titude 


14 
14 
14 
14 
14 
14 
14 
15 
15 
15 
15 
15 


15 
15 
15 
15 
15 
16 


500 m) 
, 800 m) 
, 800 


, 300 m) 


| 


| 


Rated 
voltage, 
kV 


Type of 


conductor 


AS-120 
AS-150 
AS-150 
AS-150 


AS-150 


AS-300 
AS-300 
AS- 300 
AS-300 
AS-300 
AS-300 
AS-300 
ASU -300 
ASU-300 
ASU- 300 
ASU- 300 
ASU - 300 


ASU-300 
vP-240 
240 
vP-240 
MP-240 
AS-341 
AS- 341 
AS-341 
AS-341 
AS-341 
AS-341 
ASO- 480 
ASO- 480 


ASO- 480 
ASO- 480 
3xASO0-330 
3xAS0-330 
3xAS0-330 
3xASO0- 330 
3xAS0-330 
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TABLE 


Radio and carrier interference on 


| Line 


| vol tage, 
| kv 


| 145 


Weather 


Rain 
Storm, 
Storms 
Rain 


Hail 


Storms 


Bright 


Bright 


Bright periods 


Bright 


" 


Rright periods 
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| 
110 | 
110 | 
110 145 
| 220 | 
| 220 290 in : 
220 316 " 
220 290 Rain 
220 300 Dull 
220 330 " . 
220 350 " 
220 230 " 
280 
220 295 " 
220 | 104 
333 
220 =| 230 
220 | 280 " | 
220 295 " 
220 | 333 " 
220 230 Dull 
16 220 230 Bright 
16 220 230 ; 
16 220 270 Dull 
16 220 | 297 
17 220 | | 230 " 
17 220 | 230 | 
17 | 220 | 300 | 
17 220 : 327 | " 
18 400 | 435 Dull 
18 | 400 | 378 Sleet | 
18 |} 400 453 | " | 
18 | 400 480 | | 
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lines operating under. extra-high vol tages 


Releti Theoretical Tradio inter- 
Air eiative gradient of | ference 50 
temperature air middle phase from line at ference in 2 k/cs 
0 kV/cm (amplitude|a frequency 
c density value) | of 1 Mc/s, band, ney 


Mean h.f. inter- 
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arrier interference 0.2 to 0.5 nep less). The levels of interference 
are higher in rainy weather during winter than in Summer at voltages up 
to 300 kV (radio interference 2 to 3 times greater, carrier interference 


1 to 1.5 nep greater), 


It was noticed that the difference between interference levels caused 
by the weather decreases with increasing line voltage, becoming insig- 


nificant in the region of general corona (Figs. 2 and 3), 


+4 
| } \ \ 
‘ 
¥ Wc 
Pig ] Frequency haracter ti f radio inter- 
ference t fferent voltages 5 way froma 220 3 
kV line e N l Table 2, fine weather | 
1 — voltage of 175 kV: 2 231 kV 246 kV 
4 -— 316 kV - 350 kV 
The radio interference on line \o.16 (330 kV) is roughly twice the 
standard level, Carrier interference affects normal performance of 
communication channels even at 297 kV (-1.5 nep). : 
The supply end of line No,15 had been fitted with an ASU-300 type 
conductor 25.2 mm in diameter but the rest with an MP-240 conductor 
30 mm in diameter, Measurements taken on the thinner supply end 4 
showed that radio interference begins to become excessive at voltages - 


of 300 kV, and carrier interference at 290 kV, Currier interference 
was not measured on the other part of the line, Radio interference was 
roughly doubled at voltages up to 290 kV and was practically the same 
as that at the supply end in the region of general corona, At the 
same gradients (up to 30 kV/cm) the rise is 2 to 6 times greater, 


| 
2000 ; 
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Apparently, this difference is due to the contamination of the surface 
of the thicker MP-240 conductor since the section of the line with this 
type of conductor passed through an industrial region with a consider- 
ably polluted atmosphere, 


Line No. 17 (ASO-480 conductor, 30.2 mm in diameter) created exces- 


sive radio and carrier interference even at voltages of roughly 2 V, 


At gradients of 31 kV/cm radio interference was approximtely d 
permitted value; the level of carrier interference reached - 0. 
which makes it difficult to use the channels, Such a high level 
interference on lines with comparatively large diameters can be ex- 
plained by the ageing of the line. 


1000 
800 | 
600 


2. Radio interference as a function of line 
voltage (line No. 14 in Table 2, 220 kV). 
1 -— Bright weather; 2-rain; 3 — dull without 
precipitations. 


170 20 230 250 270 290 330 kV 


Pig. 3. Carrier interference as a function of 

line voltage (line No.14 in Table 2, 220 kV). 

1 Bright weather; 2- rain; 3 dull with- 
out precipitation. 


From tests on 220 kV lines with AS-300, ASU-300, AS-341, MP-240 and 
ASO-480 type conductors we can conclude that: 
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1. The levels of radio and carrier interference from corona on lines 
with non-split conductors are in the maximum range at gradients of 
26 kV/cm or less. Conductors not less than 33 mm in diameter (ASO-580) 
should therefore be used for future 330 kV lines, 


2. At gradients over 26 kV/cm, communication channels must be pro- 


vided with large output amplifiers and nearty radio receivers with 


extensible aerials on converting existing 220 kV lines to 330 kV. 


3. Radio interference rapidly diminishes with frequency as you go 
further away from the line. If the line passes through sparsely 


populated areas, operation can be al lowed at gradients up to 28 kV/cm 


without taking special] anti-interference measures (if prior approval of 


the State Inspectorate of Electro-communications is obtained), 


Lines 400 kV. In March 1959 we measured the interference froma 
400 kV line 80 km in length with a three-wire split phase (ASO - 332 


) 


type 25.2 mm in diameter) at voltages up to 550 kV and in single phase 


condi tions, The voltage was supplied on one phase, but the measurements 


give an idea of the ine’s performance under three phase conditions at 


the respective voltages (up to 480 kV). 


In dry weather radio interference is within the permissible limits at 


gradients up to 26 kV/cm, but exceeds the maximum values roughly by a 
factor of 


interfer 


you go away from the line in damp weather, and the increase in inter- 


ference directly underneath the wires has little effect on levels 


away. 


In dry weather carrier interference on a 100 (2feeder was roughly 
-2.5 nep on average at voltages of about 450 kV. At 488 kV ir sleet 
conditions carrier interference reached -1.5 nep. It is therefore 


possible that radio and carrier interference will be excessive on lines 
such as those investigated if converted to 3 (sic). But the majority 
of 400 kV lines in the U.S.S.R. are fitted with 3 x ASO-480 type con- 

ductors and there is therefore good reason to suppose that these can be 
converted to 500 kV (gradient 24.5 kV/cm) without resorting to special 
measures, 


Other investigations 


Frequency characteristics. The characteristics of the interference 
field in the range of interest to us (0.16 to 150 Mc/s) have an aimost 
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horizonta] section on long and medium wavelengths (up to 1,5 Mc/s) and a 
Sloping section at frequencies over 1.5 Mc/s, At frequencies over 10 to 
20 Mc/s, the radio interference of even the most “noisy’’ lines (if the 
insulators and coupling components are in good order) is seldom exces- 
Sive, and it is frequently enough to measure the middle part of the 
range, which is much simpler, In the first approximtion we can regard 
the interference voltage as inversely proportiona] to the frequency at 
frequencies over 1.5 Mc/s. 


Our study of carrier interference at frequencies of 30 to 300 kc/s 
has shown that the frequency characteristic of the interference in this 
range is roughly parallel] to the X-axis in the absence of extraneous 
Signals, 


The reduction in interference away from the line. The intensity of 
the field of radio interference diminishes as you move away from the 
line, Elsewhere [4,5! it has been shown that at distances up to 100m 
along a perpendicular from the projection of the extreme conductor to 
the ground, the weakening of the field is governed by the law 


(1) 


where u. is the interference voltage under the extreme conductor, H the 


height of the conductor in metres, and d the distance from the projec- 
tion of the extreme conductor in metres. 


We do not however think that radio interference is so markedly depen- 
lent on distance, According to our investigations, in bright weather 
lationship is 


Figz.4 shows radio interference voltage as a function of distance 
from the line as calcuiated by formula (2) and as found experimentally. 
These curves confirm the opinion of many authors that radio interference 
voltage diminishes more quickly with distance during precipitations 
than in dry weather, 


The inter-relattonship between radio and carrier interference. This 
relationship is of considerable interest since there is as yet no means 
of calculating one type of interference from the other. Radio and 
carrier interference has been measured in various frequency bands, At 
this stage of the investigations there is no point in comparing other 
values than those in the 0.16-0.3 Mc/s band, which are common to both 


| 
: 
4 
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types of measurement. From many measurements on an ex perimental 


section, in which attenuation of the signal in the test apparatus was 
it can be said thé the ratio of carrier to 
350 to 450 at a 


high According to formula 2, 


taken into account i3 t 
radio interference is 50 under the conductor and 
jistance of 50m. for a conductor 13 m. 
this ratio at 50 from the line is 350 a conductor 13 m. high and 


400 for one 12 m 


1960 


Pig. 4 Radio interference voltage as a function 
of distance from the extreme phase of the line. 
Theoretical values (broken lines) and measured 
values Height of conductor 12 =, frequency f = 
5 m/s (line No. 14 in Table 2 
1 = line voltage 231 kV (gradient 2.49 kV/cr), 
bright weather in summer 2 — 290 kV (gradient 
31.2 kV/cm), rain in winter 3 — 350 kV (gradient 
37.8 kV/cm) dull. winter. 


Carrier frequency and polarity of the voltage. Fig. 5 shows the test 


circuit for studying carrier interference as a function of the polarity 
of the voltage at power frequency. The cathode-ray oscil 
taneously receives a smal] voltage of 50 c/s, which rough 
phase with the line voltage, and the interference voltage from 
carrier feeder in a narrow frequency band (in our case in the 130 + 2.5 
kc/s band of a filter at the output of the feeder). 


oscope ul 


y coincides in 


the 


Fig. 6 shows the curves on the screen of an oscillascope for the 
different conditions of the experimental section and a real 220 kV line. 
It can be seen that slight interference appears on both hal f-waves of 
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of 50 c/s at gradients of the order of 20 kV/cm, At gradients 
kV/cm there are distinct flashes of interference near the 


of the positive hal f-wave interference on the negative hal f- 


practically constant and can be ignored, The other two weaker 
on the oscillograms of the rea] line are the effect of adjacent 


(the flashes are sh ” relative to each other), 


To coupling capacitor of red phase 


‘ To filter connecting yellow phase 


Filter. 


Prom red 


To oscilloscope 


Fig. 5. Test circuit for investigating the 
relationship between carrier interference and 
voltage polarity on an experimental line (voltage 
of power frequency is only supplied to the yellow 
phase and is taken from the red phase ty a divi- 
jer consisting of inter-phase capacitances, a 


coupling capacitor and a capacitance of 0 5 uF) 


=20,5 kV/cm 24,9 kV/cm 


On experimental On actual iine 

section (single (three phase 

phase conditions) condition) 
fa) (bd) 


Pig. 6. Carrier frequency as obtained on oscil- 
loscope screen 
a ~ experimental section, single phase conditions: 
b — actual line, three phase conditions. 
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The results of our investigation do not allow us to agree with the 
the opinion of Chevallier [6] that interference on transmission lines 
is in the nature of “white noise” and that pulse interference only 
appears during precipitations. According to our observations, inter- 
ference from corona on lines is of the “smooth” type with a continuous 
frequency spectrum and it differs from white noise in being distributed 
irregularly in time and pulsating cyclically with voltage at 50 c/s [2]. 
The flashes at the maxim of positive polarity are connected with the 
potential gradient on the line conductors (of the order of 24 kV/cm). 
Om lines with much lower theoretical potential gradients, this value 
may increase during precipitation owing to the formation of numerous 


smll “projections” on the conductor, e.g. drops of water, 


Translated by Blumn 
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THE EFFECT OF TRANSIENT STARTING 
CURRENTS IN INDUCTION MOTORS ON 
THE STARTING LOSSES* 


A.T. GOLOVAN and IIUI-IAN’ 


(Moscow Power Institute 


is the kinetic energy of the moving parts at 


synchronous speed; 
J the total moment of inertia of the moving parts 
referred to the rotor of the motor 


w, the synchronous speed of the motor; 


a coefficient of the reduction in losses in ths 
stator winding due to skin effect in the rotor 


slots. 


the skin effect is weak, 


For motors with circular slots in which 
skin effect is more 


B. = 1. For motors with deep slots in which the 


* Flektrichestvo, 12, 58-61, 1960. 


(Received & July 1960) 
vs The following formula is usually used to ca]culate the losses in the 
a windings of induction motors due to operating currents 
: 
= A 
Oo r 
or 
where 9,81 
, the resistance of the stator phase 
the resista the rotor at rated loa 
referred to the tator 
r 
4 


Transient starting currents 


marked, B. <1. This coefficient depends on the depth of the rotor 
slots, the type of material used for the rotor cage and other factors. 


Fig. 1 shows the effective resistance of the rotor as a function of 
slip on the basis of Field formula |1| in respect of AO-type motors. 


Fig. 2 shows &. as a func 1 of i for AO-type motors (rotor slots 


17.5 to 35 mm deep). 


To check the validity of the formula, we made appropriate tests on 
squirrel-cage motors of the A062-6 and A042-6 types. 


The currents and power input « he motor on starting was recorded on 
an oscillograph. There was good agreement between the stator losses as 
defined by the current and output oscillograms, 
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Fig. 1. The effective resistan 
as a function of 
1 for AO62-6 type motors 
AO92-6; 4 AOT3-6; 5 — A082-6 
7 — A063-4 


The following Table shows the calculated and experimental ly-deter- 
mined starting time and starting losses in the stator winding of an 
AO62-6 type motor during no load starting (Gp? = 0.6 kg.m*), The 
experimental losses are an average figure taken from several oscillo- 
grams. 

This Table shows that the discrepancy between calculated and 


experimentally-determined losses and starting times is quite 


large. 
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| ] Stator 
Starting | losses on 
time, sec starting 


kW. sec 

Experimental .. .. .. 0.196 1.37 
Theoret ica] 0.12 0.885 
eer, cco -$3.4 -54.8 


Since actual] starting times and losses are greater than the calcula- 
ted figures on no load starting, this indicates the existence of an 
additional restraining moment during starting, This torque apparently 
must be a function of time since it has relatively less effect if 
Starting time is increased, This can be deduced from the tests which 
showed that the error in starting time decreases as the moment of 
intertia increases, 
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Pig. 2. B. as a function of F. for AO-type motors. 


Test results also indicate that the discrepancies between calculated 
and actual] starting time and losses are roughly of the same magnitude. 
It can therefore be supposed that an increase ia losses due to the 
effect of free (transient) currents is a consequence of the increased 
starting time which they cause. In point of fact, the free currents 
have very little effect on tota] starting current. 


Thus, we can assume that changes in losses due to the effect of free 
currents are proportional to changes in starting time. Actual losses 
can therefore be found from the following relation: 


AA, = 4A, (2) 
fo t (3) 


10 
TT 


Transient starting currents 


where AA, ‘ are the actua] power losses in th transient process, and 


the calculated power losses in > transient process 
neglecting the free currents 

the actual time of the transient process 

the calculated time of the transient process a5 calculated 


from the static characteris 


1960 


Pic 


exper | 


is depen- 
lent n third h ana components are 
variable in sign and vary with fading amplitude. These components, now 
accelerating the process, and now retarding it, on average only create 
a small torque and therefore have little effect on the juration of the 
starting process. The fourth component, which is continuous (aperiodic), 
exerts a restraining effect. 


We can therefore calculate the losses and starting time from this 
particular restraining moment, which can be found from the formula 
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is the coefficient of proportionality between the torque and 
the product of the secondary current times the fundamental 
“flux’’ 


the magnetic reactance corresponding to the state of the motor; 
a correction for the saturation of the magnetic circuit; 


I’, a component of the free current of the rotor with the smallest 


damping factor; 


the free component of the magnetizing current; 


d's the angle between the vectors of the voltage and current I "9 


Pu the angle between the ‘vectors of the voltage and current I 


The factors in 4 are as follows: 


(See page 618) 
where T, and T., are the time constants of the stator and rotor windings; 
M the mutual inductance of the windings; 
Ly and Ly the leakage inductance of stator and rotor windings; 


a, and B, the real and imaginary parts respectively of one of the 


roots of the characteristic equation®; 


@, the angular speed of the rotor; 
o a leakage factor. 


ourselves of expressions (5), (6) and (7), we need to know 

ip between speed and time and the instantaneous values of 

the motor’s characteristics. This is an extremely complicated problem 
and to simplify it we make the following assumptions; 


1, The motor is stationary during the effect of the continuous con- 
ponent of the torque (Mg); 


* The characteristic equation of an induction motor is 


where 
G 
4 
| 
| 
j 
r i i 1 444g ¢ 
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2. The motor windings are symmetrical] » =r and L,* L,= L); 


3. The mains frequency is much greater than the equivalent frequency 
of the free moment: 


where / 


Formula 4 then takes the form 


60 


where the 


maximum value of the moment My 


which solely depends on the characteristics and design of 
the motor in question, and 


@ the difference between angles and 


To simplify the calculation, we assume that 


Sin 


time when € >», 1.@. when = 3T, 


estimate the restraining moment ty the formula 


(10) 
max 


This simplification is quite permissible as can be seen ty comparing 
the curves of exact formula (4) with those of the approximate forma 
(10) (Pig.4). 


We can take the continuous restraining component of the torque du ring 


Starting into account if we know its “impulse” u. The latter is defined 
as follows 
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where t, 1s the period of time that component ", is effective. 


Real starting time can be found from the formula 


e.t is the calculated effective starting torque 


static mechanical characteristic. 


Since starting time equals — if we ignore the 


‘an define (whic 


found from the static 


For practical estima 
the notion of a relativ 
moment and relate its val 


synchronous speed 


This is a constant for the motor in questi 


Fig. 5 shows a as 
machines. Knowing 
moment of inertia J 


Fig. 5 also shows #, and th 


continuous component of the current 


apparent that the equivalent average torque — 
¥ 


r 


a function of P.. 
r 


(12) 


found from the 


free NOM eT ts, 


starting time to U 


continuous 


momen tur 


the average torque —f4 caused ty the 


It is 


. has less effect 


starting time, the greater tne flywheel mass of the system. With 


increasing flywheel torque, 


we 


at 


at 


there is a corresponding decrease in the 


(13) 


to introduce 
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difference between the effective moments with or without the free 
qurrents taken into account. 


25 7§ sec Ii) 2 
160 


Fig. 4. The “continuous” restraining component 
as a function of time. 
1 — calculated by formula 4; 2 — calculated ly 
formula 10. 


10 


Fig. 5. Coefficients a, ky and the relative 


“continuous” restraining component yw as a 
r 


function of motor power. 


Coef ficient ky decreases with increasing flywheel torque. 
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Conclusions 


1. The continuous (aperiodic) restraining moment has greatest effect 
on the starting time and losses of smal] motors. 


2. The effective starting moment with free currents taken into 
account tends to be the same as that without the free currents taken 
into account as the power of the motor is increased, 


3. The coefficient k, tends to unity as the power of the motor is 
increased. Assuming a permissible error of 0,05, we can ignore these 
processes in motors of 30 kW or more, 


4. The time constant T is small in motors where there is considerable 
slip. The continuous (aperiodic) restraining component M, is quickly 
damped and it has little effect on transient condi tions. 


The effect of free currents on time and losses in braking by counter- 1960 


current can also be studied in a similar way. 


Translated by 0. Blunn 
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THE COMMUTATION OF WIDE-RANGE 
VARIABLE-SPEED MACHINES* 


.Z. AGEEV 
(Moscow) 


(Received 29 July 1960) 


It is a difficult matter to arrange good commutation in d.c. machines 


\ 
with a large range of speeds >3) (particularly heavy duty 


machines) for not only does the load and speed vary, but also the 
saturation of the magnetic system and the distortion of the min field. 


Moreover, in special-purpose machines, e.g. aircraft generators, the 
air gap is mde as smal] as possible and the relatively large load is 
linearized, in order to save space and weight and for this reason the 
resulting field under the leading edge of the pole is negative at 
maximum speed, i.e. it changes sign under the pole and not between the 
poles. The physical neutral is shifted 60 to 65 electrical degrees 
relative to the geometric neutral in generators without compoles, and 
70 to 80 electrical degrees in generators with compoles. 


The commutation of machines without compoles 


Under the foregoing conditions it is impossible to shift the brushes 
to improve commutation, In this case the brushes are set at the 
geometric neutral] and,the magnitude of the reactive e.m,f, is determined 
not only ty the leakage fields (B, + B,), but also by the external field 
of the interpole space (in this case the armature field) 


* Elektrichestvo, 12, 61-69, 1960. 


min 
ad 


Commutation of wide-range variable-speed machines 


2wlv (B+ B,+B,)10-* 


Senter (2 AL -8 
2wlv (AA B,)10 


where A is the equivalent specific conductance, which also takes the 
effect of mutual inductance between the sections in the same 
slot into account. 


Since the armature field increases abruptly as it approaches the 
edge of the pole, the average value of A. in the zone of commutation of 
heavy duty machines ought to take the difference in width between the 


inter-pole space bins and the commutation zone .. into account: 


A the linear load; 
Tr the pole pitch: 
§ the gap under the edge of the pole. 


Thus, if the brushes are arranged at the geometric neutral, the 
commitation of machines without compoles, and the main factors appear- 
ing in formula 1, depend to a considerable extent on the size of the 
gap between the edges of the poles and boundaries of the commtation 


zone 
2 


If gap é., is small and linear load A large, the sections at the 
beginning and end of the period of commutation at maximum speed fall 
into a powerful (unfavourable) field, and the current there even 
increases (Pigs. 1). The voltage drop under the leading edge of the 
brush is negative, but that under the trailing edge large. 


A large additional current ‘ada SPPpears in the sections at the 
beginning and end of the period of commutation (Pig. 1). The trailing 
edge of the brush is overloaded and the brushes begin to spark. More- 
over, low frequency (1 to 2 c/s) variations of the current, the speed 
of the motor, the excitation current and the voltage of the generator 
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may arise in variable machines operating in a weakened field owing to 
the powerful effect of the mm. f. of the commutating sections and 
unstable commutation. These variations are not as a mle smoothed out 
ty the system of regulation and they are undesirable. 


*s 


(a) 


\ fv 


(b) 


960 


1. Current variation in the section (a) 
and field (b) at maximum speed. 


Fig. 2. Voltage drop in brush contact of a 
generator without compoles at various speeds: 
l = 3000 rev/min, degree of commutation 
k=1%; 2-n = 4000 rev/min, k = 1%; 3- 
n= 5000 rev/min, = 2; n = 6000 rev/min, 

k = 3. 


In order that the component of the reactive e.m.f. of the armature 
field B. should not be significantly greater than the component of the 
“leakage” field AA, the gap §,, should be quite large in machines 
without compoles with a large range of speeds: 

| mm |. 


n 
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In machines with a narrow range of speeds, e.g. in converter motors, 
in which the field is not weakened more than 1.5 times, it is advisable 
to ensure a ratio ————- = 1, where Fs is the mm. f. of the air gap 
56 A 
and 6 the pole-arc. In this case the gap §, may be minimum (1 to 1.5 
mm) and the brushes can be mounted at the physical neutral. 


If the brushes are mounted at the physical neutral, the reactive 
e.m.f. is defined ty the formula 


2wlvdAl0~*. (5) 


The m.m. f. of the commutating sections diminishes owing to the 
absence of the external field &. from the commutation zone. For greater 
stability, it is also necessary that 4 > 22. 


Operating experience has shown that the maximum reactive e.m.f. should 
be at most 1.3 to 1.5 V for EG-type brushes and 0.5 to 0.7 V for MGS-7 
and MGS-8 type brushes to emsure that the degree of commutation é& in 
high speed machines should equal 1.5 (owing to the great vibration and 
heating of the brushes). 


Commutation of machines with compoles and 
a wide range of cpeeds 


In these machines changes in the saturation of the main magnetic 
system and distortion of the main field make it difficult to compensate 
the “leakage’’ fields B. - B, ty the commutating field B, over the 
entire range of speeds and loads. 


The chief difficulties arise in adjusting the commutation to maximum 
speed when the difference ¢ becomes critical 


where e, is the commtating e.nm.f. 


An increase in speed fram v,,, to Uv... = const entails a 
corresponding decrease in the main field, an: heavy-duty machines 
running at maximum speed the armature field is so distorted that it 


affects the commutating field ty reducing its width at the tase (Pig. 3). 


Qn the other hand, an increase in speed (with a decrease in satura- 
tion) @mtails a reduction in the a.m f. which is expended on conducting 
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the flux Ye on the sections of the main system, which leads to an 
increase in the commutating field (Fig. 3), particularly in machines 
with half as many compoles as there are main poles [2]. Sparking as a 
rule only arises in these machines at minimum speed because the commuta- 
ting field & is inadequate, but at maximum speed it can be a conse- 
quence of the commutating field R, being too large or too small. 


To oscillograph the field (FPig.3), we put a small conductor at the 
bottom of the slot and its ends were taken out to two insulated rings. 
In this case the cathode-ray oscilloscope during commutation displays 
not only the true field of the main poles, but also the slot field B., 
which in machines with half the number of compoles is superimposed with 
the same sign on the field of the inter-pole space in one commutation 
zone, but with the opposite sign on the compole field in the other 
commitation zone. 


Depending upon the type of slot field and its arrangement in the 
zone without the compole, and also upon the distortion of the compole 
field ty the slot fields with the comwmtating sectiams, we can judge 
when and in what field the commutation begins and ends, and we can also 
judge the nature of the commutation (retarded, rectilinear, or accelera- 
ted). 


“ 


| 


A A 

‘ 


(d) 


Fig. 3. The field of a 9 kW generator with 6 main 
poles and 3 compoles (2p = 4.3) at various speeds. 
a-n = rev/min; = 4000 rev/min; c - 
n = 6000 rev/min; d -—n = 9000 rev/min. 
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As can be seen from Fig. 3 at n equal to 3600 and 4000 rev/min the 
compole field R, is reduced practically to zero ty the slot field, 
whereas at n = 6000 rev/min and, especially at n = 9000 rev/min, the 
compole field is still mfficient to compensate the field of the second 
commutation zone (B’, + 52) even after reduction ty the slot field. 


Consequently, the commutation of machines with half the number of 
compoles (if Fy = const) is relatively slower at minimum speed than at 


maximum and medium speeds. 


1960 


(b) 


Pig. 4. The field of a 9 kW generator with 
2 = 6/3 at maximum speed (n = 9000 rev/min). 
a -— load 1504, U = 28.5 V, ‘8 

load 100%, U = 90 V, i, 


On overload at maximum speed the increase in B, is retarded in con- 
parison with current J by the saturation of the compole, but with half 
the number of compoles the increase in R, is also retarded by the 
saturation of the teeth and the greater difference p’-p” between the 
displacement of the neutral zones of the armature field. 


Moreover, an increase in the load as well as in the armature field 
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in the commutation field wit the compole entails a decrease in the 
width of the resulting field B, owing to the increase in Bo. since By = 


, 
R,-8 qi? 


Satisfactory commutation at maximum speed can therefore even be 
obtained in heavy duty generators with half the number of compoles, for 
which A = 350 to 400 A/cm at rated load, if there is a temporary 50 per 
cent overload, provided that the compoles are correctly designed over 
the width of the commutation zone (b4 2b) and slightly satura 
(By , = 18,000 G). 


It can be seen by comparing the oscillograms in Fig. 4 that the total 
saturation of the main system in machines with half the number of 
compoles has a considerably greater effect on the proportionality of By 


to T than does a change in the ampere-turns of the armature in conse- 
a quence of an increase in the saturation of the teeth by the flux Q. on 
960 overload at maximum speed, which confirms that it is advisable to use 


machines with half the number of compoles in the stated conditions. 


compoles are required if the magnetic system is 


Thus, more powerful] 
low speed under overload 


saturated and the generator is operating at 
conditions, whilst at maximum speed under 30 and 100 per cent load, 
weaker compoles are required to ensure rectilinear commutation, i.e. to 
prevent magetization by the commutating sections Fy og This is an even 
more comlicated situation in that the zone of dark (sparkless) com- 
mutation is very narrow in heavy duty machines at maximum speed, which 
allows no considerable variation in the mm.f. of the compole without 


impairing the commutation, 


If the rate of current variation is high (at maximum speed), eddy 
currents affect the commutation and reduce the leakage field of the 
slots in the vicinity of the small conductor. 


In this case the slot conductance is defined by the formula: 


where h is the height of the conductors in the slot 


ho the depth of the slot occupied by the wedge; 


h, the height of the“crown”; 


b. and boy the width of the slot and “cut”. 


The conductance of the crowns and front parts is defined by the 
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usual formulae. 


Bearing in mind that only a part of the conductance A, is reduced by 
the effect of the eddy currents and that & ¢ 1.15 to reduce losses in 
the copper, changes in commutation due to the effect in question can be 
ignored. The value of & is defined ty equation 283 in Arnold and 


La Cours book [3). 


The zone of sparkless comautation 


The zone of sparkless commutation in machines with a large range of 


speeds is defined ty the distance between the curves 


) and Fil), 
1960 


or between the curves 


Since sparking (for the given type of brush) arises at a given differ- 
between the e.m.f.'S « -e,, ne of sparkless commutation 
defines the permissible variance between the mpole field and the 
leakage field. The ore exact the coincidence between the shape of the 


field R_ and that of the leakage field AA, the wider is the zone of 


sparkless commutation 


The difference ¢ -¢«, = A A-F 10° relatively small at low 
speeds on variable machines and the zone of sparkless commutation 1s of 
maximum width. Other things being equal, an increase in speed Causes 
the difference e,-¢, to attain the critical value more quickly and the 
zone of sparkless commutation is reduced. 


Fig. 5 shows typical curves for the zones of sparkless commutation in 
machines operating at a wide range of speeds with the full number of 
compoles, In machines with half the number of compoles, owing to the 
considerable effect of the saturation of the main magnetic system on the 
flux a (which is magnified when the load is increased by the increase 
in the fundamental flux and the flux ®,), the upper boundary of the 


sparkless zone at low and medium speeds even moves further away from the a 
Y¥ axis when the load is increased, and the sparkless zone is considerably A 


wider than with the ful] number of compoles (Fig. 6). Thus, on a 9 kW 
generator with 2p = 6/3 and A = 340 A/cm at 6000 rev/min and 100 per 
cent load, the width of sparkless commutation b. = 68 per cent, whereas 


c 
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6. .* 10 per cent on 6 kW generator with 2p = 4/4 and A = 370 A/cm, At 
maximum speed the fundamental magnetic system is unsaturated and B, 


varies approximately in proportion to F,, i.e. the same as with the full 


number of compoles (if the compoles are not saturated). the difference 


is solely due to a change in the field in the zone without the compo le. 


60 Pig. 5. Sparkless wnes of commutation of a6 kW 
generator with > = 4/4 at various speeds: 
l-a 4000 rev/min; 2-n = 6000 rev/min; 3 - 
= 9000 rev/min. 


ty 


Fig. 6. Sparkless zones of commutation of a 9 kW 
generator with 2 = 6/3 at various speeds: 
1 = 4000 rev/min; 2 = 6000 rev/min; 3 - 
n = 9000 rev/min. 


We can find the approximate maximum difference Ge = ¢_-e, with the 
full number of compoles from the supply current at no load. 


-8 where 


If 1 =0, then = 0 and = Ge - wiv B, 10 

ai » the supply current and w , the number of turns in 

the compole windings and 8, and ky the gap under the compole and the 

coefficient of the air gap respectively. This method is unsuitable for 


B, 
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half the number of compoles since the armature reaction and saturation 
of the fundamental magnetic system are neglected. 


Adjustment of commutation 


In heavy duty machines, and more particularly in machines with 
copper-graphite brushes, when the maximum difference e¢-e, should be no 
more than 0.6 to 0.7 V, the shape of the commutating field must be 
favourable (i.e. coincident with the slot field) when operating at 
maximum speed Vex = 55 to 70 m/sec. From this point of view, the 
winding has to be designed so that the slot field is rectangular in 
shape since this is the easiest to compensate. If the shape of the 
compole field &, is sigificantly different from that of the leakage 
field B,, + 8), there is gmerally speaking no zone of sparkless com- 
mutation at maximum speed. This may be the result of an incorrectly 
shaped tip of the compole, or the inexact positioning of the commutator 
relative to the slot in machines with a non-rotary traverse This is 
illustrated by a 150 k¥ generator with 2, = 8/8 and n = 6000 rev/min. 


Here a shift of 1.1 to 1.4 mm of the commutator in one machine 
relative to the position of the commutator in another machine produced 
a change in commutation from 1\-1I% to 2-3 relative to that in the former 
machine, 


Commutation was improved by shifting the tip of the compole in the 
direction of rotation, but the degree of commutation deteriorated with 
increasing voltage at the terminals (saturation of the fundamental mag- 
netic system) and attained 2 at U = 120 V and I = 1400 A The degree of 
commutation was therefore improved to 1% ty reducing the gay 8, ty 0.2 


mm with a steel shim. 


It is more diffiqiult to make the fields of machines with half the 


number of compoles coincide in shape because the compole not only con- 
pensates the slot leakage fields Band B,, >» but also the field of the 
=B +R the shape of which 


commutation zone without the compole (f’ ' 
varies as a function of the load and speed [2). 


9): 


In this case, if the compoles are not carefully adjusted, a machine 
which has a wide zone of sparkless commutation at medium speeds and 
otherwise good commutation at higher speeds under a 50 per cent over- 
load, will still spark considerably at maximum speed under a 100 or §O 
per cent load (owing to the excess field #,) (see Table). 


Commutation is a complicated process associated with thermal and 
chemical phenomena. The fundamental propositions (r, = const and T= 
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=———-) of the classical theory of commutation are only valid if 
U 


commutation is practically rectilinear and the degree of sparking does 
not exceed 14-14%. If the degree of sparking reaches 2 on account of 
unfavourable conditions, an active ionic process is set up in the brush 
contact and, owing to a sudden reduction in the impedance of the 
“transfer” contact, sparking continues for a long period (if n = max) 
even if the load is reduced by a half or two thirds, (the supply of the 


compoles here having no significant effect). 


In such a case it is necessary to begin commutation at a lower speed 
when the machine is in the cold state. Pirst it is necessary to deter- 
mine whether positive or negative supply has the better effect on 
commutation and then to verify the commutation at maximum speed by vary- 
ing the gap under the compoles on the appropriate side. 


Fig. 7. Voltage drop in the brush contact of a 
21 kW generator with 2p = 8/4 under rated load 
at various speeds 
a-no supply to compoles; b — supply to conm- 
poles (+0. 25 I 4): c = the same, but (0.15 I): 
la to le =n = 3530 rev/min: 
2a to 2c —~n = 6000 rev/min; 3a to 3c -n = 
= 9000 rev/min. 


We can establish the sparking due to the different types of com- 
mutation from potential diagrams (Fig. 7) and the time when brushes of 
different polarity begin to spark. With moderately retarded com- 
mutation, the first to commence sparking are brushes of negative 
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polarity as these have a transfer contact of lower impedance, but with 


notably accelerated commutation the irst to spark are bDrusnes yf 


positive polarity, since in this case the irrent in the sectior at the 
end of commutation is much greater than i. and on the trailing edge this 


current passes from the brush to the segment (plate 


way. 


It can be seen from Fig. 7 that the - ‘f commutation varies con- 


siderably wit! hanges in speed in machines With & wide range of Speecs 


at a constant m.%,!I. 


With 


trailing eda f the brush is opposite in sign, whilst at greatiy 


greatly 


retarded commutation, thi irop is extremely large at a = 9UUOU rev 


(Pig.7, curves 3b and 3 


Commutation of a 20 k® generat 1960 


Dearee f 
commu tation 2 > 1% 


In adjusting commutation, the problem “boils down to” ensuring suf- 
ficient width of the sparkless zone and stability of the characteristics 
at maximum speed To provide the sparkless zone and ensure that /, 1s 

t t sho 


commutation of finished machines should first of all be improved ty 


selecting the necessary shape of the pole extremity and varying the 
gaps é. and by since the magnitude and shape of the commutating 
ield Ry are then both changed. An increase in the gap between the 
tips of the compoles and the main poles of either polarity reduces the 
effect of the main field on the compole field, but in machines with 
half the number of compoles there is also a reduction in the armature 
field in the second commutation zone and the shape of the resulting 
commutating field 8, is wider and more sloping. A small gap 5. 
requires a large m.m.f. F 


It is usually sufficient for the gap in compole machines to be 
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If the gy 8. is small, the field & is sharper (more acute), but 
is more sloping 1 stable. But an increase in by wil 
leakage and, msequently, he gas 5 d in machines with 
spaced poles is confined within small limits [8 1? 
preserve 
ikage fact 


be tweer the compo lé 


hand and 
mmutatin ] n ther are | I ncreased 
luring over] f compoles have no ls > margin, 


spacer can cause considerable distortion. 


160 


The gne of sparkless commutation of a 
21 KW generator 
> =8/4; 


is relatively easier to produce favourable commutation over the 

range of speeds in machines with the full number of compoles 

the electromagnetic load and reactive e.m.f. and provided the 
compoles are correctly designed. 


But it should be borne in mind that the current density, A and ¢. 
are always 15 to 20 per cent greater in machines with the full number of 
compoles, given the weight and size of machine. 


This is illustrated in Fig. 8 which shows curves for the zones of 
sparkless commutation in two 21 kW machines of equal size and weight, 
one of which has the full number of compoles and the other half the 
number. For machines with the full number of compoles the linear load 
A = 460 A/cm and the current density is 19.2 A mn 2, whereas for machines 
with half the number of compoles A = 350 A/cm and the current density is 
15.4 A, mm*. The machine with the full number of compoles was not put 
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into production owing to the rise in temperature without any contingent 


advantage as regards commutation. 


Practica] experience in the design of specia] machines with a wide 


range of speeds has shown that machines with half as many compoles as 
produced with a linear load A = 350 to 400 


there are main poles can be 
A/cm and a reactive e.m., f. e. 3.5 V. 


The adjustment of commutation from 


oscillograms of the fields and 


current in the sections 


In high speed multi-pole machines (2 p = 8 and 10, and n = 9000 to 


9500 rev/min) the period of commutation is 0.00013 to 0.00015 sec. In 


1960 


this case it is convenient to adjust the commutation by oscillograms of 


the fields displayed on the screen of a cathode-ray oscillograph. 


With accelerated commutation the changes of the current in the 


sections and of the slot field mainly take place at the beginning of the 


process and, consequent 


I y the compole field has a greater distorting 
effect on the slot field along the leading edge (Fig. 9 d-h), whereas 


with retarded commutation the effect is more marked on the trailing edge 


(Fig.9, i-1). In the first case, the first peak of the slot field is 


One 


Fig. 9. The field of a 21 kW generator with 2 = 
= 8/4 under 100% load at various speeds: 


a to d - no supply to compoles: e-J =0.35 
f-f 209.21, g-I. 26.127, 

d d Pp 
= 0.08574; ij = 0.11 
a, e, t-n = 4300 rev/min; b, f, j;-n = 6000 
ev/min; c, k-n = 8200 rev/min: d, h, Il-n = 9300 a 


rev/min. 
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greater than the second, and in the second case, the first peak is 
smaller than the second (Pig. 9, e and Fig. 5 - 5c in Karasev’s book 
4/). 


Tests on high speed machines with a large range of speeds have shown 
that the horizontal section (more exactly, the infiexion of the curve) 
is only pronounced at low speeds during relatively slow commutation, 


i.e. if e, is too small (Fig. 10a). 


With accelerated commutation, the variation in current is usual] 
continuous and therefore the degree of equilibrium in the intermedi 
phase of commutation must be regarded as a negative factor, and not 


positive [5]. 


Fig. 10. The current in the section of a 9 kW 
generator with 2p = 6/3 under 100% load at 
various speeds 
n 4000 rev/min, I, = — 0,23 ly k 
n = 6000 rev/min, I, =- 0.23 1), k 
n 9000 rev/win, 0.1 k= 1%; 
4000 rev/min, k @1; e-n 6000 rev/min 
1; f —n = 9000 rev/min, k =1. The 
arrow indicates the direction of the generator 
armature. 


With accelerated commutation the actual period of commutation is less 
than the theoretical period. This can be seen by comparing the ratio 


b 
= in Fig. 10 with the theoretical] value 8.4/62.8, but the oscillograms 


of the slot fields do not confirm this, With retarded commutation, the 
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period of commutation agrees with the theoretical] value by the current 
oscillograms in Fig. 10(a) also, 


The effect on commutation of 


brush heating and other factors 


Commutation, especially its stability, depends not only on the mag- 
nitude and shape of the commutating field, but also on the “transfer” 
impedance of the brushes, mechanica] factors and so forth, The oscil- 
lograms in Fig. 11 illustrate the variation in commutation due to 
heating, These show that the slot field varies as a function of tem- 
perature and that the peak is shifted from the trailing edge to the 
leading edge. 


This phenomenon occurs at both maximum (9000 rev/min) and at 
minimum speed and it is quite regular, 


Pig. 11. ‘The field of a 9 kW generator with 

2p = 6/3 under 100% load at n = 9000 rev/min. 

a — non-heated machine (2 to 3 min after 

starting); b — hot machine (30 min after 
starting). 


It can be explained by the change in the transfer impedance of the 
brush contact due to heating and a slight displacement of the brush, 
In the cold state the coefficient of friction is larger and the brush is 
shifted in the direction of rotation by a toppling moment so that a 
better contact is obtained, a small impedance is obtained on the leading 
edge, and a larger impedance on the trailing edge. 
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The heating of MGS-type brushes results in a larger voltage drop 
Av,, a smaller coefficient of friction and a different brush contact 
conductance, The change in commutation and the state of the magnetic 
system due to heating can de-stabilize the output characteristics of the 
machine so that a slow self-produced change in speed takes place in 
motors and in excitation current in generators (if U = const). 


This phenomenon is particularly noticeable in machines operating with 
a weakened field, and it is amplified by the longtitudinal reaction of 
the armature. With greatly retarded commutation, there is a greater 
variation in the current of motors without compoles if the brushes are 
shifted in the direction of rotation by the longtitudinal reaction of 
the armature and the deterioration in commutation, The same phenomenon 
occurs with accelerated commutation in machines with compoles, but the 
brushes are shifted in the opposite direction to rotation. In such 
cases it is expedient to increase the rated value of ry and improve the 
Stability of the brush contact (e.g. by using sectional brushes), 


Conclusions 


1, For variable speed machines without compoles it is expedient to 
mount the brushes at the geometric neutral to avoid commutation in an 
unfavourable field. 


2. The zone of sparkless commutation at minimum and medium speeds is 
considerably wider in machines with half the number of compoles than 

with the full number of compoles, owing to the great effect of saturation 
of the main magnetic system on the flux Q. (which in its turn increases 
saturation). 


the zone of 


At maximum speed under the same electromagnetic loads, 
of sparkless commutation must be narrower than with the full number of 
compoles owing to the changed shape of the field in the commutation zone 


without compoles. 


But, given machines of the same weight and dimensions, those with the 
full number of compoles always have a 15 to 20 per cent larger electro- 
magnetic load and a larger e. 


3. Tests have shown that fundamental difficulties only arise in the 
production of re-designed machines with a large range of speeds in the 
adjustment of commutation at maximum speed when e,» OF the difference 
e.7 ep: is at a maximum, In this connexion, Karasev’s conclusion that 
“the relationship e. = f(n) is a straight line paraliel to the X-axis” 
(see his book [4], page 48) does not agree with practice, 


« 
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ay be no zone of sparkless 


commutatior 


in variable heavy 


juty machines if the shape of the field B, 1s infavourable. It is 
ler 
therefore necessary to prevent the brushes being displaced from neutral 
by more than 1,0 mm due t production tolerances, and the tip of the 
compoi¢ ist be oI the corre shape 2) 
5. The commutation of re-designed machines should be adjusted by 
changing the aps 5 ind oO yr Since this varies both the magnitude and 
the shape of the commutat e field, 

6. The oscillograms show that thi iriation in current during com- 
mutation is only i the form of two separate process with retarded 
ommutatior 

acce ieratved 1O ne variation irrent 18 usually 
continuous. In the latte! ise, the actual period of commutation is 
le than the theoret per i, With retarded commutation the 
theoretical and actual figures agree. 

The commutation, the ma tude of -_ and the shape of the field 
ley i to a large exte the type and design of the winding. This 
eeds t hye liad separately. But it rder facilitate the 

pit “by t va I } -] 
windl ha jual izers. 

f compol e pl wit tis! r tat 4< 350 to 
400 A und 3. 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
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Electric Drives 

The design of variable drives with magnetic amplifiers. 

[a.B. Rozman, (pp. 75-78). 

An account is given of the development of electric drives using 

magnetic amplifiers, The author considers the choice of selenium 
60 rectifiers, the rectification of the magnetic amplifier charac- 

teristics, the relationship between the currents and power circuits 

and means of adjusting the speed of standard PMU-type drives. 


Electrification 
The 40-tn anniversary of Lenin’s plan on electrification. 
(pp. 1-8). 
Past achievements are reviewed and means of ensuring the fulfulment 


of the current seven year plan are considered. 


Ferroresonant voltage stabilizers. 


Calculating the inductance of a coil with an open ferro- 
magnetic core and the leakage inductance of a ferroreso- 
nant stabilizer. V.M. Gresnniakov, (pp. 69-75). 

The inductance of a coil with a core such as is used in ferroreso- 
nant voltage stabilizers is determined. An infinitely thin coil 
substituted for the real coil, The author reduces the problem 
magnetostatic problem. The formulae of a ferroresonant stabilizer 


is considered briefly. 


Power system regionalizing in the Chinese Peoples’ Republic 
Republic. Siui Shou-Bo, (pp. 15-20). 


In this paper China is itself only used as an example to illustrate 


a nove] method of classifying the power resources of economic 
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Abstracts 


regions. Information about the electricity supply system and fuel 
resources of China is given indirectly. 


The aethod and algorithm for calculating power loss partial 
derivatives of complex networks on digital computers. 
V.S. Shakhaney, (pp. 21-28). 


A novel method of calculating the partial derivatives of power losses 
in power systems of complex configuration is proposed, The proposed 
algorithm for this method and the programme realizing this algorithm 
for computer use are described in detail. The results of a practical 
calculation are given, The method is intended to replace the “grid 
coefficients” method as described by Early and Watson, 


Carrent flow from elements of the reinforced concrete 
foundations of transmission line towers. A.L. Vainer, 


(pp. 34-40). 


It is established that the capillary suction of moisture from the 
surrounding earth by the external layer round concrete piles makes 
this layer highly conducting. It is established that the flow of 
line frequency currents and impulse currents is governed by the laws 
relating to ordinary earths. A theoretical analysis is made and 
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experimental results are given. 


Relays and Protection 


Analysis of pilot-wire differential lime relaying by 
circle diagrams in the complex plane. Y.L. Fabrikant, 
(pp. 40-47). 

The method used in the planning of protection for long distance 
transmission lines whereby the various conditions are represented 

by impedance diagrams in the complex plane is adapted for use in the 
development of pilot-wire differential line relaying. 


Om distance relaying for all types of line faults. 
S.B. Losev, (pp. 47-58). 


A comparison is made between the Westinghouse distance relay and the 
Russian mhometer. A method of improving the mhometer is suggested. 
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